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ABSTRACT
The alkylation of 2-methylcyclohexanone imines using methyl acrylate has
been investigated with a view to optimising the reaction conditions.
The mechanism of this alkylation reaction has been investigated and it has
been shown that the alkylation does not proceed via a 2,6-intermediate
which subsequently undergoes a rearrangement to the 2,2-product, but
rather proceeds directly to the 2,2-product.
As it had been shown that the alkylation of 2-substituted cyclohexanone
imines in dry methanol occurred at the more substituted position, it was
decided, in the light of certain apparently anomolous patent work, to
investigate the alkylation of unsubstituted cyclohexanone imines using a
va.riety of electrophilic alkenes. The results show that in certain instances,
2,2-bis-alkylation occurs and in others, mono-alkylation and that it is the
strength of the electron-withdrawing group attached to the alkene which
determines whether 2,2-bis-alkylation occurs or not. The reasons for this
are discussed in the text. The preparation of a number of novel
2,2-bis-eyclohexanones and an octahydroquinoline are described.
The reaction of I-phenyl-2-propen-l-Dne (phenyl vinyl ketone) with the
benzylaluine iJnines of 2-butanone and I-phenyl-2-propanone in methanol
ga.ve gave tvvo novel bicyclic diones, whereas the reaction between the
benzylamine imine of 3-pentanone with I-phenyl-2-propen-l-Dne gave
only mono-eyclic products only even though ther"e appeared to be no
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impediment to the formation of the bicyclic compound. The structures were
determined using nuclear magnetic resonance and confirmed by X-ray
crystallography. The reaction between I-phenyl-2-propen-l-one and
N-(l-phenyl-l-€thylidene)benzylamine gave after hydrolysis only the





2. Discussion and Experimental
2.1 Foreword to Experimental 39
2.2 Alkylation of 2-methylcyclohexanone imines with
methyl acrylate. 44
2.3 An investigation of the mechanism of the
alkylation of 2-methylcyclohexanone imines
using methyl acrylate. 88
2.4 Alkylation of cyclohexanone imines with electrophilic
alkenes. 108
2.5 Synthesis of the bicyclo[2.2.2]octane ring system



















Since Stork'sl,2,3 papers on the preparation and reactions of enamines,
considerable attention has been paid to the field of enamine chemistry.
Enamine reactivity had been known since 1883 when first Collie,4 then
Benary5 and later Robinson6 described the C-alkylation or acylation of
aminocrotonic esters, but it is without doubt the pioneering work of Gilbert
Stork which made researchers the world over aware of the potential of this
reaction of enamines with a wide variety of electrophilic reagents.
Reviews7,s on enamines and their chemistry have been published in the past.
To date the Inost cOlnprehensive reviews on the field have been those of
Hickmott. 9 ,1O,11 The term enamine was introduced by \Vittig and
Blumenthal,12 in 1927, to refer to the unsaturated amine structure which is




The alnino-group may be primary, secondary or tertiary. Until recently the
latter has been by far the most i111portant of the three to synthetic organic
chelnistry. This is because the primary and secondary enalnines normally
exist as the i111ine or Schiff base, unless they are further stabilised by
conjugation. A permanent polarisation of ~he enanline molecule results fron1
interaction between the lone-pair orbital of the nitrogen and the 7r-€lectrons
of the double bond, thus increasing the electron density at the karbon:
~In"/ ~I/
C=C-N +--+ c--C=. +
/fJ (l" / "-
This Inay be clearly seen in the proton nuclear magnetic spectra of the
various cyclohexanone enalnines. The proton attached to the (}'---Carbon is
2
shielded and because of this appears up-field (8 4,1 - 4,6) compared to the
olefinic proton signal of cyclohexene (85,6). The enamine is thus an
ambident nucleophile and as a result of this permanent polarisation, may be
attacked both at the jJ-position and the nitrogen (to varying degrees). The
Stork alkylation, as this reaction has become -known, refers to the
C-alkylation and acylation of a carbonyl carbon via an enamine
intermediate. The enamine reaction provides a remarkable synthetic method
which provides both a mild and reliable method for the mono-alkylation
and mono-acylation of carbonyl compounds. One of the major advantages of
the enamine synthesis over other methods for carbon-earbon bond
formation, is that it nearly always produces the mono-alkylatedj acylated
product and is relatively free of O-substituted and di-substituted
impurities. The scope of the Stork reaction has been greatly expanded since
Stork's initial publication.! Further publications by Stork et al. alone cover
tosylation of enamines,13 the synthesis of bridged bicyclic compounds and
ring enlargement,14 heterocyclic synthesis,15,16 nat ural product synthesis,17
and the formation and reaction of metallo-enami nes. 18 It has been shown
that the Stork reaction is critically dependent on the conditions under which
the reaction is carried out. Factors such as: changes in solvent, amine
moiety in the enamine, temperature and catalysts, to name but a few, may
affect the path taken by the reaction. Because such changes produce such a
di versity of products, Hickmott9 has proposed an extension to the definition
of the Stork reaction to include "conversion of an aldehyde or ketone into a
C-alkylated, acylated, carbocyclic or he~erocyclic derivative by reaction of
an electrophile with an cnarnine intermediate.", The stereoselectivity or
regioselecti vi ty of an enami'ne reaction may also be altered by changes in the
experilnental conditions. Before the factors affecting stereo- and
.regioselectivity n1ay fully be understood, it is necessary to consider certain
aspects concerning the structure of enamines in general.
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2. Structure and Reactivity
Before one can fully appreciate the significance of this work, it is essential to
consider the normal enamine reaction in more detail. Unsymmetrical
ketones, such as the 2-alkylcyclonones and branched acyclic ketones,
produce mixtures of structurally isomeric enamines. These isomers have
been shown to undergo rapid acid catalysed equilibration. Neither purely
thermal or purely base catalysed equilibration has been observed, even after





The amine used determines the isomeric distribution. Pyrrolidine enamines
of 2-methylcyclohexanones occur < 10% in the more substituted form It,
whereas morpholine enamines occur from 30 - 65% in the more substituted
form It in the enamine mixture.19 Only isomer It resulteq when optically
active (+ )-methylpiperidine formed the enarnine· with 2-methylcyclo-
hexanone. Similar differences are noted between the enamines formed from
pyrrolidine and morpholine with both 2-alkoxycyclohexanones and
3-alkoxy-trans-decal-2-ones.2o Such differences can be attributed to the
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different conjugating and steric requirements of the amine moiety. This
must be larger than that of a phenyl group 'because the enamines of
I-phenylindan-2--{)ne21 and propiophenone22 have the phenyl group twisted
out of the plane of the double bond. (The latter has the E-eonfiguration).
The fact that the equilibrium:
trans-C6H5CH=CHCH2NMe2 ~ trans-C6H5CH2CH=CHNMe2
lies 90% towards the enamine illustrates this point very well. This study
also showed that the dimethylamino substituent stabilised the double bond
more effectively than did either the acetyl or n-butylsulphonyl substituents.
The isomer in the more substituted form It contains a tetrasubstituted
double bond and hence is destabilised by large steric interactions. This
interaction was termed allylic strain (A1,3) by Johnson. 23 The steric
interference between the methyl group and the fr-methylene groups arises if
the groups are coplanar. This means that the interaction could be reduced if
there were rotation about the N-C(Sp2) bond. This however would reduce
the orbital interaction between the nitrogen lone pair and the 7r-€lectrons of
the double bond. Clearly, a compromise situation must be achieved in order
to balance the condition for such interaction between the lone pair and the
double bond and the requirement of lowest energy. The less substituted form
of the enamine can exist in two possible conformations which may be termed
quasi-axial and quasi-€quatorial (Scheme 1: la and le respectively).
Conformer le is destabilised by the less severe allylic (A1,2) strain23 and so
the most stable isomer is la provided all other factors remain the same. This
has several ilnportant consequences.
G', fr-Disu bstitution of ketones via their enamines is not usually observed
because the nlethylene group of the amine moiety and t.he methyl group in
It (nlarked with an .asterisk in Scheme 1: It) must become coplanar3 in
order for maximunl interaction between the lone pair orbital on the nitrogen
and the 7r--{)rbi tal of the double bond to occur. A product-like transition
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state would thus be destabilised by increasing A1,3-interactions. The net
result is that further alkylation or acylation of such a system occurs at the
less substituted a'-posi tion of the ketone via la. As would be expected, the
rate of substitution is reduced because of the development of 1,3-diaxial
interactions, as shown in la. If attack occurs from the equatorial direction
towards the double bond, then the development of steric interactions
associated with a boat or twist conformation may also reduce the rate of
substitution. Hickmott24 considers that axial attack on the quasi-equatorial
conformer le is a higher energy process than such attack on the quasi-axial
conformer la because of the developing A1,3-interactions. It also appears the
equatorial attack is less favoured.
With compounds such as cis-4-t-butyl-2-methylcyclohexanone, the
. equatorial 2-substituent cannot be converted into the axial conformer by
ring-flipping, due to the 1,3-diaxial strain, and as a result epitJlerisation to
the trans-isomer occurs, which provides a method for the conversion of the
more stable cis-diequatorial 2,4-disubstituted cyclohexanone to the less
stable trans-isomer. 19 . However, this is not the case with the 2,6-di-
substi tuted cyclohexanones, since protonation of the resulting enamine is
non-stereoselective and a cis-trans n1ixture of ketones resu.lts on hydrqlysis.
Allylic strain also accounts for the fact that the enamines of 3-methyl-
cyclohexanones exist mainly as isomer 3 in Scheme 2 overpage. 25









Ax = axial attack of electrophile R+; Eq = equatorial attack.
Scheme 2.
Of course, the regioselectivity of the enamine reactions cannot be attributed
to the isomer distribution of the enamines per se. From the Curtin-Hammett
principle,26 it follows that if the activation energy of the reaction is larger
than the barrier to isomer interconversion, the product distribution must
reflect the transition state energies rather than the ground-state isomer
populations. For example, the 2,5-disubstituted cyclohexanones have been
obtained in yields much higher than the p~rcentages of the isomer 3 present3
in the parent enamines,27 which clearly demonstrates the rapid equilibrium
between the enamine isolners. Certainly, in the case of reactions which
involve product-like transition states, the formation of 2-substituted
3-methylcyclohexanones via isomer 2 will be inhibited by the developing
steric interactions shown in Scheme 2.
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Acyclic enamines also show the same trends. Pocar et al. 28 demonstrated
unequivocally that the less substituted enamine is the more reactive of the
two and that interconversion of enamine isomers mayor may not occur
during a reaction, depending upon the reagent and experimental conditions
used. An example of this is the dimethylamine enamine of methyl isopropyl
ketone which exists as a 50:50 mixture of 6 and 7 (Scheme 3). However
reaction with phenylisocyanate gives only the 3-dimethylamin0-4-methyl-2-
pentenoic acid anilide 5 in 100% yield. In the given circumstances, the more
substituted isomer 7 is deactivated by A1,3-strain and rearranges to the
more reactive less substituted form 6. If however an equilibrium mixture of
6 and 7 is treated with 4-nitrophenylazide at room temperature, in an
amount equivalent to the less substituted isomer 6, only the triazoline 8 is












(a) R2N = dimethylamino; (b) = morpholino
SCHEME 3
It is thus surprising that bromination of unsymmetrical enamines occurs at
the more and the less substituted positions. This tends to suggest that the
. bromination reaction has a reactant-like transition state in which the
8
aforementioned steric interactions are less strongly developed.3o
Cyclopropyl methyl ketone enamines exist only in the less substituted
form31 whereas cyclohexyl methyl ketone enamines exist as a 25:75 mixture
of the more and less substituted forms, respectively.32 It is interesting to
note that only the less substituted forms react with diethyl azodi-
carboxylate, phenylisocyanate, mesyl chloride and ,B-nitrostyrene,33 as
would be expected for a reaction involving a product-like transition state.
9
SCHEME 4
R=Me, OMe, OEt, Ph, NHPh
11
In the case of acylated enamines an equilibrium mixture of the more and the
less substituted forms (10 and 9 respectively) again results, with the isomer
distribution again being dependent on the amine moiety in the enamine. In
this instance, it is the pyrrolidine enamine which exists mainly in the more
substituted (or conjugated) form, 10. The converse is true for the
morpholine and piperidine enamines, which usually exist in the less
substi tuted (or non~onjugated) form, 9. 34,35 An important difference with
the more substituted acyl enamine 10 is that further reaction with electro-
philes tends not to take place at the karbon, but at the 'Oxygen atom (as
11).36,37
The main factors which appea~ to determine the reactivity of an enamine
are the amine moiety and the degree of substitution at the Q'- and
,B-positions. Alkyl substituents at the C-a position increase the electron
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density38 and also the reactivity at the C-{3 position, via hyperconjugative
and inductive effects, unless steric interactions prevent or reduce the lone
pair interaction. On the other hand, steric and electronic effects of
fJ-substituents decrease the reactivity at C-{3. The order of reactivity
therefore is normally:
R2NC(R)=CH2 > R2NC(R)=CHR > R2NCH=CHR > R2NCH=CR2.
Aldehyde enamines, which tend to react preferentially at the nitrogen, are
thus less readily C-alkylated than cyclic and acyclic ketone enamines, and
the enamine of acetone was considered to be too reactive to be isolated until
relatively mild methods of enamine synthesis were developed recently.9
It would appear from spectroscopic evidence39 that the reactivi ty varies
with ring size of the ketone in the order 5 > 12 > 8 > 6 > 7.
Pyrrolidine enamines are markedly more reactive that the enamines of other
secondary amines~,4o,41 This is attributed to the increased orbital
interaction of the nitrogen lone-pair in the enamine. Reduced stereo-
selectivity of the pyrrolidine enamines, spectroscopic and X-ray
crystallographic evidence42 ,43,44 all provide further evidence for this
interaction. Attempts to increase this reactivity still further by introducing




Enamines show nlediulu to strong absorptions 111 the region 1 610
1 675 cnl-1. Should the enamine be protonated to give the iminium salt, then
the absorption shifts t.o higher wave numbers (1 640 - 1 690 cm-1).45
With 2-1nethylcyclohexanone enamines, the more substituted double bond
isomer absorbs at longer wave numbers (1 668 - 1 675 CIU-1)19 than the less
10
substituted isomers (1 635 -1 640 cm-i).
3.2 ULTRAVIOLET SPECTRA
Ultraviolet (UV) absorption occurs in the range 220 - 230 nm (E 4 000 -
10 000)45 for both the free enamines and their iminium salts. N-Protonation
results in a hypsochromic shift to shorter wavelengths (i.e. 198 nm).
3.3 MASS SPECTRA
Enamines show M-I, M+ and M + 1 ions, but the base peak is usually
that of the eniminium ion46 which forms as follows:
+ +
R2N-:.cH=CH-DH2-R ~ R2N=CH-DH=CH2 + R'
3.4 PROTON NUCLEAR MAGNETIC
RESONANCE
The ,B--olefinic iH-NMR chemical shifts (8) of a number of cyclrc and acyclic
ketone enamines (60 MHz) in various solvents are listed in Table 1. 47 ,48
From this table, it can be seen that the chemical shifts in carbon
tetrachloride are similar to those of the neat liquid, whereas those in
deuteriochloroform, occur to higher field values. A measure of the amount of
charge delocalisation due to p7r-eonjugation, may be obtained from -these
values since the ,8-vinyl proton is shielded because of the increased electron
density -at the karbon. Should the steric factors be identical or at least
similar, it is expected that there should be some form of correlation between
enamine reactivity and chemical shift, provided that the spatial direct
shielding effects are negligible or at least identical. Clearly, before such a
correlation may exist, two factors must apply: (1) the enamines must have




Table of olefinic 1H-NMR chemical shifts
of cyclic ketone enamines.
Enamine Chemical Shift (0)
Amine Ketone ring size Solvent
CC1 4 CDC1 3 neat
Pyrrolidine 5 3,91 4.02 -
Pyrrolidine 6 4,13 4~28 4.16
Pyrrolidine 7 4,36 - -
Pyrrolidine 8 4~08 - -
Piperidine 5 4,25 4~37 -
Piperidine 6 4,53 4~66 -
Piperidine 7 4,75 - -
Piperidine 8 4,48 - -
Piperidine 12 4,30 - -
Morpholine 5 4,35 4,43 -
~lorphol ine 6 4,56 4~64 4~55
C6H12 NH 6 4,25 4~35 -
Me2 NH G - - 4,37
Et2NH 6 - - 4,43
Ph(Me)NH 6 - - 5,27
Table 2,47,48 below, shows the thermodynamically controlled isomeric
distribution of a number of enamines derived from 2-nlethylcyclohexanone
as well as substituted double bond isomers.
TABLE 2:
Isomeric distribution and olefinic chenlical shifts
for less substituted isonler of 2-methylcyclohexanone.
Annne mOlcty Percentage less ChemIcal ShIft (0)








Gurowitz and Joseph,49 pointed out that the proportion of the less
substituted isolner increases with increasing pIT-eonjugation between the
amine moiety and the enamine double bonel.
Stradi and Pocar50 have determined the configuration of a number of acyclic
enamines as well as discussing the factors affecting their stability, reactivity
and spectroscopic properties. Table 3 sUlnmarises their results and shows
that the olefinic proton signals of the E-isomer appear to higher field than
those of the corresponding Z-isomer. In addition, there is no observable
allylic coupling between H and Et in the E-isomers, except for # 11. They
attribute the difference in chelnical shifts between the two isomers to the
Al ,3-strain between the I\1e and amine moieties in the Z-isomer which
reduces the pJr-eonjugation. The same reason is cited for the greater
thermodynamic stability of the E-isomer, except for # 10 where there is
conjugation between the nitrogen lone pair and the aromatic IT-system.
When such pIT-eonjugation with the benzene ring is prevented, as in # 11,
which has an ortho Inethyl group, the E-isomer is again favoured because of
the increased pIT-eonjugation between the double bond of the enamine and
the nitrogen lone-pair. Proceeding down the series (# 1 - 4; 6 - 7), there is
a decrease in the contribution of the E-isomer to the mixture, which reflects
the increase in A1,2-strain due to the ethyl group. One observes reductions




Percentage composition and olefinic proton chemical shifts (0)




No. % oH % on NR2
1 97 4,13 3 4,54 Me2 N
2 86 4,25 14 5,00 Et2N
3 80 4,35 20 4,90 n-Pr2N
4 55 5,25 45 5,34 i-Pr2N
5 88 4,34 12 4,72 morpholino
6 90 4,;35 10 4,70 piperidino
7 65 4,37 35 5,00 2-methylpiperidino
8 98 3,92 2 4,24 pvrrolidino
9 83 4,19 17 4,81 C6H11 (Me)N
10 20 4,45 80 4,84 Ph(Me)N
11 83 5,09 17 5,20 o-MeC 6H4 (Me)N
3.5 13C-Nuclear Magnetic Resonance Spectra
~1uch work has been carried out in the areas of cyclic and acyclic
enaluines.53 -59 The C-1 olefinic carbon produces a signal between 124 and
156 ppm (downfield from TMS) and the C-2 signals appear in the range
frolu 79 to 131 ppm. The olefinic carbons tend to be deshielded by
substituents attached to them (fr-€ffect), the size of which varies markedly.
Ahlued and Hickmott56 have attribqted this to an alteration in the
electronic contribution of the amine moiety (~oC) [corrected for variation in
fr- and ,8-€ffects of alkyl substituents with increasing substitution] to the
chelnical ~hift of the olefinic carbons by the steric and electronic effects of
introducing an alkyl substituent [~oC = Oenarnine- Oalkene]. Since the
fr-€ffect of the amine moiety is expected to be mainly determined by
electronegativity, the amine contribution to the cheluical shift of C-1
(~OC-1) is relatively constant. The shift caused by the amine moiety
(luorpholine 26 ppn1 and pyrrolidine 23 ppm) is however surprisingly similar
11
to the deshielding effect of an isopropyl group attached to an olefinic carbon,
which is of the order of 23 ppm, despite the higher electronegativity of the
nitrogen atom in the amine moiety.60 This is an anomaly which has not yet
been explained satisfactorily. The C-2 chemical shift in the enamine
(~8C-2) is variable due to the amine contribution, which causes high field
shifts of between 5 and 43 ppm relative to the chemical shift of the ,B-carbon
of the corresponding alkene in which the amine has been replaced by
hydrogen.
4. ALKYLATION OF ENAMINES
WITH ELECTROPHILIC ALKENES
The C-alkylation of enamines is successful only because the N-alkylation
step is essentially reversible3 (Scheme 5: 13 ;:::: 16), whereas the
C-alkylation is normally rendered irreversible via proton transfer
(13 -+ 14 -+ 15).
15
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Exceptions do however exist, where the C-alkylation step is reversible even
after proton transfer. 60,61 Using this method, ketone and aldehyde enamines
can thus be alkylated in high yield. The zwitterionic intermediate (14) may
collapse, at low temperature, to the cyclobutane adduct 17.62 The
experimental conditions may be altered in order to produce either the mono-
(15, 18) or dialkylated (19, 20) products. The latter product is referred to, in
the case of six-membered rings, as 2,6-Disubstitution of the original ketone.
In aprotic solvents, the reaction of morpholine enamines normally stops at
the monosubstituted stage. However an exception to this is the conversion of
1-morpholinocyclohexene to 2,6-bis(,B-nitroethyl)cyclohexanone with
nitropropene in benzene at 100 C. 63 As previously discussed, steric
interactions in the monosubstituted enamine, and in the transition state of
the reaction, favour reaction at the least substituted ,B-position of an
isomeric mixture of enamines. However, House and Schellenbaum62 reported
that prolonged reaction (66 h) of the pyrrolidine enamine of 2-methylcyclo-
hexanone with methyl acrylate in dioxan under reflux produced a 1:1
mixture of 2,2- and 2,6-Disubstituted cyclohexanones (Scheme 6: 25 and
26).
17
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This leads to the conclusion that attack at the least substituted position
(21} was not as favourable as had been thought. This observation seemed to
undermine the theoretical foundations upon which enamine chemistry had
been based. However Malhotra and Johnson63 (1985) proposed that the
formation of the 2,2-disubstituted product 26 occurred in the hydrolysis
step, . via a Michael reaction between the methyl acrylate and
2-methylcyclohexanone, catalysed by the pyrrolidine. Some doubt as to
whether this was in fact the case still existed however, since no experimental
18
evidence was given and also the conditions· were very mild fOr an
enolate-anion mechanism. House's work has been repeated and it was
shown66 unequivocally that the 2,2-disubstituted product 26 was derived
from enamine 22, since the disubstituted enamine 23 was shown to be
present [methyl singlet at 8 1,17 and the CH= triplet at 4,75] in the crude
reaction mixture prior to hydrolysis. Observations that products 25 and 26
were formed in approximately equal amounts may erroneously lead one to
assume that reaction at the more and less substituted ,B-positions of
enamines (22 and 21 respectively) occur with equal ease. One needs just to
consider that enamine 21 always has lower energy pathways open to it but
in some cases these are reversible and may not lead to products. The course
of the reaction is determined by higher energy routes which means that
reactions of enamine 22 will contribute to the product distribution. Consider
Scheme 7 below, which shows the theoretical basis for this statement,
showing the high and low energy pathways: (Table 4: 67 provides the
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Hickmott9 provides the following explanation which is applicable to those
electrophilic alkene reactions which may be considered essentially
irreversible once the anionic centre of the intermediate zwitterion has been
protonated. Only one exception to this reasoning was cited - the strange
reacti vi ty of di benzoyldi-imide.66,67 However there is now evidence to
suggest that reactions with methyl vinyl ketone are reversible even after
protonation of the anionic centre of the zwitterion, in which case
thermodynamic (i.e. product stability) rather than kinetic (i.e. transition
state stability) considerations may govern the outcome of the reaction.
Nevertheless it is pertinent to deal with this explanation in some detail since
it will highlight the differences in the reaction pathway followed by the
alkylation of imines using electrophilic alkenes which will be dealt with in
Chapter 2.
1. Energetics and reversibility ofcompeting reaction pathways.
The low energy pathways referred to previously involve paths band b l in
Scheme 7 above, which are respectively axial and equatorial attack by the
electrophile on the enamine conformer which has the methyl substituent
quasi-axially oriented (Le. 27a). These two pathways may be expected to
involve similar energetics since the main steric interactions are 1,3-dia..xial
methylene-methyl interactions (~15 kJ.mol-1)68 in 29 and the nonbonded
twist interactions (~ll kJ.mol-1)69 in 30. These two pathways do not lead to
products if the dilution is high, provided aprotic solvents of low dielectric
constant are used, since both pathways are rendered reversible under such
conditions. (Refer to Table 4; # 1). Although it is possible to prevent
reversion to the starting enaluine by protonating the anionic centre provided
the dilution is high and also bearing in mind that the lifetimes of the
zwitterionic intern1ediates produced (29 and 30) are very short, the process
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would involve the intramolecular transfer of the equatorially oriented
hydrogen. As this is a high energy process owing to the unfavourable
stereoelectronic factors70 which involve a four-membered transition state
and also the negligible overlap of the C-H orbital with the p~rbital of the
iminium group. As the charge is neutralised on formation of the cyclobutane
structure, strain is introduced into the structure, which has been shown to
result in ring opening even at room temperature. 71 Similar arguments may
be applied to pathways al and Cl, but there are the additional
A1,3-interactions in the iluinium salts formed which will produce. even
higher energy pathways than b or bl . This leaves only pathways a and c,
both of which involve axial attack of the electrophilic alkene on 27e and 27t.
Both the iminium salts formed (28 and 31) are destabilised via A1,3_ strain
between the Q'-lnethylene groups of the amine ring and the methyl
(~23 kJ.mol-1 for a methyl-methyl interaction23). Although these two routes
are also high energy processes, they may be rendered irreversible via stereo-
electronically controlled intramolecular proton transfer via a six-membered
cyclic transition state (28 -t 32; and 31 -t 35). This means that as the
destabilising steric factors are the same for both pathways, their activation
energies should be similar as well, which should lead to approximately equal
aluounts of the 2,2- and 2,6- disubstituted products. This is indeed what is
observed under conditions of high dilution in which intermolecular
interactions are reduced to a minimuln (Table 4; # 1). As expected the
yields of both products are lower (for the salue reaction times) since the
dilution results in a reduction in the concentration of starting reagents.
Despite the fact that the energy differences among the pathways is small, it
only requires ~13 kJ free energy to alter a 9:1 product ratio to a 1:9 ratio
·under conditions of thermodynaluic control.
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TABLE 465
Effect of react ion conditions on the
rat i 0 of 2, 2- to 2, 6-disubstitution .a
Dlsubstltuted
Electrophilic Reaction Yield c%clohexanoneNo alkene Solvent time (hj (%) (0 composition)trans-2,6 cis-2,6 2,2-(reflux 38 39 41
1 methyl acrylate Dioxan 66 b '10 28 20 52
2 methyl acrylate Dioxan 66 65 45 20 35
3 methyl acrylate Dioxan 66 c 70 46 36 18
4 methyl acrylate Acetonitrile 66 65 65 30 5
5 methyl acrylate Methanol 3 70 70 30 0
6 methyl acrvlate Methanol 66 50 56 44 0
7 methyl acrylate Benzene 66d 60 55 25 20
8 methyl acrylate Mesitylene 66 e 65 43 24 33
9 methyl acrylate Mesitylene 66 f 40 30 20 50
10 acrylonitrile Dioxan 66 70 32 20 48
11 acrylonitrile Methanol 66 70 69 31 0
12 methyl acrylate None 66d 80 52 33 15
aEnan1ine concentration 2,3 lTIOl.t1 unless otherwise stated.
bEnamine concentration 36,5 mol.t1.
cEnanline concentration 0,11 lTIol.I-1.
dTelnperature: 80 0 c.
eTemperature: 100 0 c.
fTemperature: 160 0 C, under pressure.
2. Effect ofconcentration and solvent.
Intermolecular proton exchange may increase as the enamine concentration
increases. When the anionic centres of molecules 29 and 30 have been
protonated, the products are stable iminium salts, which can undergo stereo-
electronically controlled deprotonation to the enamines, 32 and 36 via
conformatioliS 37, 38 and 41.
As the enalTIine concentration increases (0,11 ~ 2,3 ---1 36,5 mol.t l )
[Table 4] the percentage 2,6-disubstitution increases (48 ---1 65 ---1 82 %) and
in the absence of solvent, reaches a maximum (85 %) [Table 4: # 12]. It is
. surprising that at high enamine concentration 2,2-disubstitution still occurs.
This Hickmott attributes to the short lifetime of the zwitterionic
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intermediates 29 and 30 in solvents having low dielectric constants, which
will cause reductions in the rates of product formation via routes b and hi
which allows pathways a and c still to compete. On the other hand, in polar
solvents of high dielectric constants (Table 4: # 4), the lifetimes of the
zwitterions 29 and 30 increase sufficiently to allow intermolecular
protonation even at lower enamine concentration. Thus increased product
formation is seen via pathways band b l . In protic solvents, the formation of
29 and 30 are rendered irreversible due to the increased dielectric constant
and the solvating power of the solvent. Coupled to this is the fact that the
protic solvent provides a direct method of protonation of the zwitterions.
Under such conditions (Table 4: 5, 6 and 11) no 2,2-disubstitution is
observed and the low energy pathways band/or b l give rise only to
2,6-disubstitution.
3. Evidence for the intermediacy and reversible formation ofzwitterionic
intermediates.
vVhen the enamine mixture 27a, e and t with methyl acrylate was heated
under reflux in monodeuteriomethanol and hydrolysed, the proton MR
spectrum of the 2,6-disubstituted cyclohexanones (39 and 40) showed the
axial and equatorial methyl signals as doublets because no deuterium had
been incorporated into the enamine. However, mass spectroscopy showed
that about 70 % deuteriation had occurred at the a-position of the
nlethoxycarbonyl side-ehain which shows that 29 and 30 were zwitterions.
Further, Risaliti et at.71 have shown that the formation of these zwitterions
is reversible because maleate esters were isomerised to fumarate esters when
catalysed by enamines - a process which did not occur when tertiary amines
were used. Further evidence was provided by Flen1ing and Harley-Mason6o
who showed that the cyclobutanes formed by cycloaddition of electrophilic
alkenes to ena.mines reverted to starting materials on heating and some even
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at ambient temperature. Yoxa1l72 has even used the reversibility of
zwitterion formation to develop conditions for changing the regioselectivity
of reaction of certain dienamines.
4. Other factors affecting the lifetime ofthe zwitterion intermediates.
The lifetime of the zwitterionic intermediate formed is affected as already
seen, by the dielectric constant and solvating ability of the solvent, but it is
also affected by temperature, the stabilisation of the anionic centre and the
ease of charge neutralisation by cyclisation. As can be seen from Table 4
(# 2 and 7), the relative amounts of 2,6- vs 2,2~isubstitution in dioxan
(2:1) and benzene (4:1) is highly likely to be a temperature effect. In
benzene (lower temperature) the lifetimes of the zwitterionic intermediates
will be increased which will enhance the chances of intermolecular
protonation of the anionic centres. The results will be product formation via
routes band b l , the low energy routes in Scheme 7, which results in an
increased yield of the 2,6~isubstituted product. Further confirmation of the
temperature effect are the reactions in mesitylene at the same
concentrations but at two different temperatures. At 100 0 C the ratio of 2,6-
to 2,2~isubstitution is around 2: 1, whereas at 160 0 C the ratio changes to
1:1 (Table 4: # 8 and 9). At the higher temperature, the lifetime of the
zwitterionic intermediates 29 and 30 (Scheme 7) will be decreased. This
theory is further enhanced by the fact that in the absence of solvent, and at
ambient temperature, only the 2,6-product is obtained, even if in very low
yield. This must be due to the fact that the lifetimes of the zwitterionic
intermediates 29 and 30 are now longer and in equilibrium with the
cyclobutane adducts and also because of the inability of the molecules to .
overcome. the higher energy barriers, at the low temperature, which would
lead to the zwitterionic intermediates 28 and 31.
Another factor which will increase the lifetime of the zwitterionic
intermediate may be attributed to factors which increase the stability of the
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anionic centre, such as the electronegativity of the atom bearing the
negative charge (0 > N > C) and also the stabilising effect of substituent
groups - the stabilising effect of which appears to increase in the order73
N02 > C=O > 802 > C02H > C02R > CN > CONH2.
This can be clearly seen by comparing # 2 and # 10 in Table 4, where at
the same enamine concentration (2,3 mol.t1) acrylonitrile gave more of the
2,2-disubstituted product than methyl acrylate, which may be attributed to
the fact that the cyano-group provided less stabilisation of the anionic
centre of the zwitterionic intermediates than did the alkoxycarbonyl
substi tuent.
A further point worth noting is that where a zwitterionic intermediate is not
generated, the problem of 2,2-disubstitution does not arise. A good example
. is the reaction with acryloyl chloride. 65 ,21
5. IMINES
5.1 IMINE-ENAMINE TAUTOMERISM
There is much chemicaI76 ,77,78 and spectroscopic71 ,79 evidence for
ilnine-enamine tautomerism. This tautomerism which has many
applications to chemical synthesis will be considered in detail as it is of
direct relevance to the direction of this research project. The imine-enamine
equilibrium is displaced almost completely toward the imine form for simple
aldehydes and ketones - a fact amply demonstrated by spectroscopic
studies. An exception is found where further conjugation stabilises the
enamine forn1 as with a carbonyl79,80 or imine group,81 or with an aromatic
system. 82 ,83 Even though this iInine-enamine tautomerism favours the
in1ine form in alInost all cases, there are many reactions which clearly show
that the enamine form reacts with a variety of electrophilic reagents at the
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a-position to the original carbonyl function (C-fJ of the enamine). pfau and
Ribieri84 convincingly demonstrated the enamine-imine tautomerism in the
reaction of N-isopropylideneisopropylamine (Scheme 8: 43) and dimethyl
maleate to give products 45 - 47 in high yield.
SCHEME 8
Reagents: (i) cis-Me02CCH=CHC02Me, PhH, ~; (ii) H20, dioxan, 20 0 C
(iii) ~, E = C02Me.
In methanol, no olefinic signals were observed in the proton NMR spectrum
for 43, but in deuteriomethanol, the signals corresponding to the two
methyls (which are magnetically non-equivalent) attached to the imine
double bond (8 1,94 and 2,01) rapidly disappear. This shows that even
though the imine form (43) predominates, the exchange of the six hydrogens
occur rapidly via the enamine form (44) This result is extremely useful,
since it provides a method for preparing the enamine of acetone in situ. 9
This reaction when applied to the imine of cyclohexanone gave the lactam






5.2 REGIOSELECTIVITY OF THE IMINE
REACTION WITH ELECTROPHILIC
ALKENES
It was recently claimed86 that only N-alkylation of N-isopropylidenecyclo-
hexylanline occurred with methyl acrylate, which is in direct contradiction
of Pfau and Ribieri's work. This is not correct. 87 Pfau et al. have shown that
with these reagents absolutely no N-alkylation occurs, not even reversibly,
since the N-alkylated product 50 (Scheme 9) cyclised spontaneously to the
enaminoketone 51, none of which was present in the product Inixture from
the reaction of methyl acrylate wi th N-isopropylidenecyclohexylalnine
(Scheme 10). The only products isolated were 53, 55, 56 and 57.
E E
"~/ Y ---L., "~~ "I~')~
R~N---H R~N---HR~ ...---- R~ 54
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(ii) 52; E = C0 2Me
R = cyclohexyl.
SCHEME 10
The formation of the a,a-bisalkylated product 57 is interesting, in that
when two equivalents of methyl acrylate were used, it was produced in 86%
yield, which is a result in sharp contrast to the reaction of tertiary enamines
deri ved from unsytnlnetrical ketones. 9 Here reaction occurs preferentially at
the least substituted position. vVhat must be occurring is that the enamine
takes up a confonnation in which A1,3-interactions23 are minilnal both in
the ground and transition states, namely 51. Thus the steric interactions
which have been used9 to predict the products of tertiary enalnine reactions
are therefore not a.pplicable to prin1ary or secondary enan1ines. Preliminary
investigations by Hickmott and DavisonlO showed that 2-methylcyclo-
hexanone ilnines reacted preferentially with electropbilic alkenes via the
more substituted enamine tautomer to o-iveb the 2,2-disubstituted
cyclohexanone exclusively, in both protic and aprotic solvents. The
attenlpted bis-alkylation with the more bulky dilnethyl Inaleate failed on
steric grounds. 87 Sin1ilarly, aldimines undergo mono- and bis-C-alkylation
with methyl acrylate.
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Reaction of the isopropylamine imine of acetone with methylvinylketone
gives a good method for the preparation of 3-methylcyclohex-3-€none.88
The intermediate stages may be hydrolysed or further alkylated (a, a'-di-
alkylation in this case !) to give heptane-2,6-dione or undecane-2,6,lO-tri-
one respectively. The acetophenone imine was also a,a-dialkylated and
isobutyraldehyde imine was mono-alkylated. It was predicted that
alkylation of 2-substituted cyclohexanone imines would occur at C(2), in
contrast to tertiary enamines where alkylation occurs preferentially at the
less substituted C(6) position of the 2-substituted cyclohexanone. Hickmott
and Rae89 showed showed that this was indeed the case. The regioselectivi ty
of the reaction of acrylonitrile, methyl acrylate and phenyl vinyl ketone with
imines of unsymmetrical ketones was investigated.
R"'r/H R"'N R"'N/II









Reagents: (i) CI-h=CH-Z (-H+); (ii) H20, ~; Z == C02l\1e, CN, S02Ph
SCHEME 11
30
The reasoning behind this work was that the imine of 2-methylcyclo-
hexanone 59 (Scheme 11) would be in equilibrium mainly with the more
substituted secondary enamine 58 rather than the less substituted double
bond isomer 60. This is because enamine 58 is stabilised over enamine 60 by
the hyperconjugative interaction of the methyl group without being affected
by A1,3-interactions23 which are normally present in tertiary enamines,
because the bulky N-alkyl substituent or ring residue in the latter is
replaced by a hydrogen atom (in 58 and 60). Also imine 61 which is
produced by alkylation of enamine 58, contains no A1,3-strain and minimal
. A1,3-strain in the transition state leading to it. On the basis of this, it was
predicted that alkylation would provide mainly the 2,2--9isubsti tuted
cyclohexanone 63 after hydrolysis, in preference to the 2,6-disubstituted
cyclohexanone. This work was a preliminary study of the reaction and as
such, the reaction hetween methyl acrylate and various imines of








No Imine of methyl Solvent Reactionacrylate time (h) additives 2,2- 2,6-c
1 benzvlamine 1 MeOH 4 - 13 2
2 benzvlamine 2 Me OH 4 - 46 4
3 benzylamine 2 MeOH 24d - 45 3
4 benzylamine 5 MeOH 4 - 64 4
5 cvclohexvlamine 2 MeOH 4 - 42 9
6 aniline e 2 \leOH 4 - 3 trace
7 benzvlamine 2 benzene 68 - 3 0
8 benzvlamine 2 toluene 68 - 3 0
9 benzvlamine 2 CH 3CN 95 - 50 2
10 benzvlamine 2 benzene 68 Me2 NH .HClf 32 0
11 benzylamine 2 benzene 68 Et3Nf 32 0
12 benzvlamine 2 benzene 24 4-DMApf g 40 1
13 benzvlamine 2 benzene 24 4-DMApf g 49 1
14 benzvlamine 2 )leOH 4 4-DMApf g 59 5
aAt the boiling point of the dry solvent unless stated otherwise.
bAnalysed by gas-liquid chromatography.
c~1ixture of stereoisomers.
dRoOlll temperature, stirred.




Under all conditions the 2,2-disubstituted ketone 63, (z = C02~/Ie) was the
main product. It was decided that since the benzylarnine imine produced less
of the 2,6-disubstituted product than did the cyclohexylamine imine and
the yields of the 2,2-disubstituted produc~s were silllilar (Table 5: # 2 and
5) the remainder of the prelilllinary investigation would be carried out using
the benzylamine illline of 2-methylcyclohexanone. The aniline imine gave a
very low yield (Table 5: # 6) which may be due to the stabilising effect of
the phenyl group on the imine and/or the low reactivity of the enamine
tautomer. A prelinlinary attempt was made to optimise the reaction
conditions. The highest yield achieved occurred when the alkylating agent
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was present in large excess and the solvent was 'super dry '9o methanol
(Table 5: # 4), the reasons for which have not been determined. Further,
the investigation showed that the use of aprotic solvents of low dielectric
constant (toluene and benzene) gave very low yields even after prolonged
reaction times (# 7 and 8). The use of acetonitrile, which has a high
dielectric constant (# 9) gave a marked increase in yield relative to that
obtained in 'benzene, as did the addi tion of weakly acid (# 10) or base (# 11
- 14) catalysts (again relative to benzene). This was presumably due to the
effect of the catalysts on the enamine--imine equilibrium.
It was further shown that when acrylonitrile and phenyl vinyl sulphone were
reacted with N-(2-methylcyclohexylidene)benzylamine (Scheme 11: # 59;
R = PhCH2) in methanol, the spectroscopic evidence showed clearly that
reaction had occurred in the more substituted position to give the
2,2-disubstituted ketone 63 (Z = CN or S02Ph, respectively) after
hydrolysis.
When N-(2-butylidene)benzylamine was treated under the same conditions
with methyl acrylate in 'super dry' methanol, the product was methyl
4-methyl-4~xohexanoate (65). This result is very important, since it
indicated that the ll1ethodology of this study may be extended to give direct
reaction to the lllore substituted position of acyclic as well as cyclic ketones.
Pfau et al. 91 recently described the alkylation of the imine formed from
rac-2-methylcyclohexanone and (5)-(-)-l-phenylethylamine ([ a]n0 =
-39,40) with methyl vinyl ketone (MVK). The reaction was carried out in
THF at 20 o,C for 3 days and gave the a~duct 68 (Scheme 12). Hydrolysis of
this reaction Inixture using acetic acid (10 %) at .20 ° C' for 1 hour gave the
(R)-( + )-diketone (Scheme 12: 69) in 88,6 %yield, again demonstrating the
regioselective nature of this reaction as well as the stereoselective nature of
this particular reaction. Pfau also reports the reaction of methyl acrylate
with imine 66 which gave, after the same hydrolysis, the (R)-( + )-keto ester
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70, in 81 % yield ([0']15 0 = 33,8°; [EtOH] = 2,95) (!) - a result which the




















Brookes92 in an extension of the work of Hickmott89 and Pfau91 investigated
the reactions of electrophilic a.lkenes with imines of acyclic ketones. Using
the benzylalnine or n-propylamine imines (Scheme 13: 71 a.nd 72
respec'tively) of butanone, pentan-2-one, pentan-3-one,
3-methylbutanone, 2-methylpentanone and 4~methylpentanone
(Scheme 13: 71 a-f and 72 respectively), they alkylated them using various





















They found that the reaction was not as regioselective as the corresponding
alkylation of 2-s11bstituted imines,89,93 and only 71d gave 100 % alkylation
at the more substituted position and then only with acrylonitrile and methyl
acrylate; phenyl vinyl sulphone gave the less substituted regioisomer (74d;
Z = S02Ph) and in very low yield. Imine 71£ with phenyl vinyl sulphone
produce the less substituted regioisomer (74f; Z = S02Ph) as the main
component of the reaction mixture. Table 6 shows a summary of the the
relative amount of attack at the more and the less substituted positions
expressed as a percentage.
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TABLE 692
Regioselective alkylation of acyclic imines wi th electrophilic alkenes
RelatIve (%) attack at the:
Substituents more substituted less substituted
Imine Rl R2 R3 8-positiona 8'-positiona
3b Me H H 95 5
3b 92 8b
4 Et H H 90 10
3d Me Me H 100 0
3d 97 3b
3e Me Me Me 80 20
3e 78 22 b
3£ i-Pr H H 50 50
3f 30 70 b
a (J or (J' refer to the reacting secondary enamine tautomer
and corresponds to the Q'- or a'-position of the imine precursor.
b Z = S02Ph
The explanation offered for the above results is analogous to the reasoning
used to explain the regioselective 2,2--{}isubstitution of imines.89,93 Normally
it is not possible to observe secondary enamine tautomers in the proton
NNIR spectra of imines even though this has been clearly demonstrated as
already discussed. If one considers the unsymmetrical acyclic methyl
ketones, the imine may be in equilibrium with two secondary enamine
tautomers (Scheme 14: 75 and 78). It is, however the more substituted
doubl~bond isomer (75) which is thermodynamically favoured since it is
able to adopt a conformation in which no Al,3-strain exists between the R
and Rl substituents. So when R is relatively slnall (Le. Me), the steric
impediment is zero or very small, and reaction occurs with the major
enamine tautomer (75), which gives the more substituted ketone (77). But
as the size of the Rl substituent increases (Scheme 13: Imines 72 and 71f)
where R' =. ethyl or iso-propyl respectively, the steric impediment
preventing reaction with 75 becomes evident and the reaction proceeds via
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the less substituted enamine tautomer 78, which in turn leads to the less













For imine 71e, the less substituted enamine tautomer 81 (Scheme 15) is
possibly more thernlodynamically stable than 78 (Scheme 14), because of
the stabilising effect of the methyl substituent at the J3'-position. This
means that 81 will be present in greater concentration than 82 (Scheme 14)










Because of this the ratio of attack at the more substituted to less
substituted position falls from 9:1 for 75 (R' == ethyl) and 78 (R' == ethyl) to
4:1 for 82 and 81. Attack at the less substituted ,B'-earbon of imine 71£
results in the ratio decreasing further to 1:1 or even 3:7 in favour of such
attack, because of the steric impediment of the bulky iso-propyl group at
the the more substituted karbon of 75 (R' = i-Pr), and more reaction is
channeled through the less substituted tautomer (78; R' == i-Pr), even
though the latter is present to a much smaller extent.
The fact that phenyl vinyl sulphone attacks more readily at the less
substituted ,B'-position than either methyl acrylate or acrylonitrile is
probably due to steric interactions between the bulky phenyl group and the
imine.
It was not possible to say whether the formation of 76 or 79 occurred via the
normal enamine reaction Inechanism or via a one-step aza~ne reaction, but
as a result of Hickll10tt and Rae's work89 the prospect of a rearrangement,
after initial reaction with 78, to 76 may be ruled out. These authors note
that no bis-alkylation took place even when 5 equivalents of the
electrophilic alkenes were used as in the alkylation of the symmetrical imine
71c.
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This survey of the literature lays the foundation for the work carried out by
the author.
The work carried out by Brookes92 and fully described above was a
continuation of the work of Rae, where during his work towards a Masters
degree,94 it was shown that the alkylation of N-(2-butylidene)benzylamine
occurred at the more substituted position.
39
SECTION 2
2.1 FOREWORD TO EXPERIMENTAL
This section is situated in this position since the following four sections each
has an experimental section attached immediately following the discussion
sections, and also as the information below applies to all four experimental
sections.
2.1.1 NUCLEAR MAGNETIC RESONANCE:
The 13C nuclear magnetic resonance spectra were recorded in
deuteriochloroform solution, unless otherwise stated, using the carbon probe
of a Varian Associates CFT-20 or CFT-20A nuclear magnetic resonance
spectrometer operating at 20 MHz, a Bruker Instrument operating at
125 MHz, and a Varian Gemini 200 Instrument operating at 50 MHz, using
the central line of the deuteriochloroform triplet at 8 77,09 or
trimethylsilane (TMS) singlet at 80,00 as reference peak.
The 1H nuclear magnetic resonance spectra were recorded In
deuteriochloroform on a Varian Associates T-60 spectrometer operating at
60 MHz; a Varian CFT-20, CFT-20A or Varian Gemini 200 operating at
80, 80 or 200 MHz respectively. The remainder of the 1H nuclear magnetic
resonance spectra were run on a Bruker instrument operating at 500 MHz.
Unless. otherwise stated the internal standard was tetramethylsilane (TMS).
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The following abbreviations were used when assigning the spectra:
s : singlet; d : doublet; q : quartet;
m : multiplet; c : complex; br : broad;
o : overlaid; J : coupling constant (Hz);
dd: doublet of doublets.
2.1.2 INFRA-RED SPECTROSCOPY
The infra-red (IR) spectra were recorded on a Perkin Elmer SP-1000
infra-red spectrometer.
The Fourier Transform infra-red (FTIR) spectra were recorded on a Nicolet
5SXC FTIR spectrometer.
. Spectra were calibrated with the 1 601 cm-1 peak of a polystyrene film.
Nujol, CHBr3 or dry KBr were used as dispersing agents for solids. The
spectra of oils were recorded neat, as a thin film between two KBr flats. The
solvent used in liquid cells is indicated where pertinent.
2.1.3 GAS CHROMATOGRAPHY
The gas-liquid chromatography (GC) was performed on a Perkin Elmer, or
Varian Associates 6000 chromatograph, using flame ionisation detection.
The capillary gas chromatography (CGC) was performed on the Varian 3400
gas chromatograph. The columns used will be indicated in the text.
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2.1.4 MASS SPECTROSCOPY
Mass spectra and accurate mass measurements were recorded by the Council
for Scientific and Industrial Research (CSIR) in Pretoria, on a Varian
Associates MAT-212 spectrometer operating at 70 eV.
2.1.5 C/H/N ANALYSES
Micro-analyses were carried out by the Department of Chemistry of the
Natal University in Pietermaritzburg, by the National Chemical Research
Laboratory of the CSIR in Pretoria or at Glaxo in Weir.
2.1.6 MELTING POINTS
Melting points were measured on a Kofler hot-stage melting point
apparatus and are uncorrected.
2.1.7 GENERAL CHROMATOGRAPIIY
Analytical thin layer chromatography (TLC) was carried out on Merck :
Art. 5554 aluminium-backed silica gel (0,2 mm) plates, the silica gel
containing a fluorescent indicator (F254).
All flash chromatography was carried out on Merck : Art. 9385 silica gel.












2.3 PURIFICATION AND DRYING OF SOLVENTS:
Where molecular sieves were used for drying solvents, between 50 and 7~ g
of the activated sieves were added per litre of solvent.
The electrophilic alkenes used were dried as follows:
Methyl acrylate was shaken with anhydrous magnesium sulphate, filtered,
distilled (BP 80 0 C) from quinol and stood over molecular sieves (4A) for
12 h. before use.
Acrylonitrile was stood over molecular sieves (4A) and distilled fro111 quinol
into a receptacle containing quinol.
Methyl vinyl ketone was treated in the same manner as acrylonitrile.
Phenyl vinyl ketone was steam distilled from the vessel in which it was
prepared, extracted into methylene chloride, dried over anhydrous
magnesium sulphate and finally after removal of the solvent on a rotary
evaporator, it was stored over molecular sieves (3A), with a trace of quinol
to prevent polymerisation.
The solvents were dried as follows:
Methanol was dried following the method in Vogel90 used for drying ethanol.
The "super-dry" methanol was prepared by heating magnesium (2,6 g),
iodine (0,26 g) and methanol (50 ml) under reflux, the condenser being
fitted with a drying tube. After all the magnesium had been consumed,
methanol (450 ml) was added and the mixture refluxed for a further hour.
The methanol was then fractionally distilled via a Claisen head (BP
64,5 0 C) onto molecular sieves (3A; BDH Bead Type).
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Benzene was distilled, collecting the fraction between 78 and 80 0 C, which
was stood over anhydrous calcium chloride for 24 h prior to being distilled
onto molecular sieves (5A).
Acetonitrile (HPLC grade) was used without distillation and was dried over
molecular sieves (4A bead type) for 24 h prior to use.
Dimethylsulphoxide (DMSO) was distilled and stored over molecular sieves
(Type 3A).
Tetrahydrofuran (THF) (Aldrich Chemical Company) was used directly and
was removed from the bottle via a septum using dry nitrogen to replace the
solvent removed.
Hexane was distilled and dried over sodium wire for 24 hours prior to use.
Dioxane was allowed to stand over powdered KOH for 4 days, prior to
distillation into a flask containing dry molecular sieves (4A; 50 gjl).
Ethyl acetate was heated under reflux over P 20 S for 30 minutes and then
distilled onto molecular sieves (4A; 50 gjl).
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The first part of this study is a direct continuation of the pilot project
presented in parUal fulfilln1cI1 t of the requirements for the degree of Master
of Science, in tIle Departluent. of Chen1istry, University of Natal, Durban, in
1984. The pilot study revealed that the alkylation of
2-methylcyclohexanone using various electrophilic alkenes was highly
regioselective89 and that the major products, in all cases, were the
2,2-disubstituted cyclohexanones. The ailU of the first part of this work was
to optilnise of the reaction conditions in an attelupt to maxilnize the yield of
the 2,2-disubstituted product.
The reaction in outline is as follows:
59 60
(l)l~Z; Solvent




















The reaction proceeds because imine (Scheme 16: 59) is in tautomeric
equilibrium with the enamine forms (Scheme 16: 58, 60). However, the
enamine forms cannot be observed in either the infra~red spectrum or in the
proton or carbon nmr spectra due to the very low concentrations present.






















Referring to Scheme 17 above, the direction of attack of the 111ethyl acrylate
is determined by the fact th(1t the i111ine of 2-1nethylcyclohexanone (84) is in
equilibriu111 mainly with the Inore substituted secondary enamine (83) rather.
than with the less substituted double bond isolner (85). This is because
enalnine (83) is stabilised over enanline (85) by the hyperconjugative
interaction of the 111ethyl group without incurring the allylic destabilisation
(A1,3-strain23) which is nOl'lllally associated with a tertiary enamine,3,10
since the bulky N-alkyl substituent has been replaced by a hydrogen ato111
in 83 and 85. I1nine (88) which is produced by alkylation of ena111ine (83)
has no A1,3-sti'ain and Ininllllal A1,3-strain in the transition state leading to
it, and so the 111ajor product should be the 2,2-disubstituted cyclohexanone
after hydrolysis of the ilnine. This was verified fully in the pilot project94
previously mentioned. In Section 2.2, it will be shown that the step fro111
enalnine (85) to ilnine (89) is irreversible in that no 2,2-disubstituted
product (90) is fornled when inline (89) is exposed to the same reaction
conditions with or without. the presence of the Inethyl acrylate. Thus there
is no question of i111ine (89) being fonned preferentially and then undergoing
a rearrangenlent to inline (88).
It is difficult to imagine enanline (83) reacting appreciably faster than
ena111ine (85) regardless of whether the reaction proceeds via a reactant-like
or product-like transition state. The fact that i111ine (88) fonns
preferentially over ilnine (89) can most likely be attributed to the very small
amount of enamine (85) present at equilibriuln.
At this stage 1110re needs to be said concerning the mechanism of this
reaction. In 1986 Lin et al. 97 state quite categorically that sinlple i111ines, in
contrast to either alkenes or even carbonyl compounds,98 do not participate
in the ene reaction. However, the retro--€ne reaction of allyl imines and
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alkenes is well-known. 99 Successful ene reactions have only been reported
for strained in1ines,100 in1iniu111 ions,101 and a few -sulphonyl ilnines. 102
Consider the following bond energy and enthalpy calculations for the
enamine and ene reactions: (based 011 bond energies given by Lin. 97)
ene92 II ~"'-N~ /C0 2Mc -~) "'-N: II C02Mer. -tt- 59,4 74,3--#-
~ :3
50,4







~H = 74,3 + 98 + 59,4 - 72,8 - 98 - 59,4 = + 1,5 kcalju10l (Slightly Endothennic)
(c)
~H = +59,4 - 72,8 = - 13,4 kcaljlnol (Exothermic)
(cl)
~H = +59,4 + 59,4 - 74,3 -83 = -38,5 kcaljmol(Exothennic)
(e)







~H == +98 +59,4 -83 -98 == -23,6 kcaljmol (Exothermic)
HX68
W72,S
~H == +98 + 74,3 - 98 - 72,8 == +1,5 kcaljmol (Slightly Endothermic)
(i) From the bond energy consideration and enthalpies of competing
reactions, N-alkylation by the ene-reaction [reaction (b)] seems to be
energetically more favourable than enamine formation [reaction (e)].
It is thus surprising that C-alkylation occurs at all. However three
factors presumably compensate for this:
Firstly, the enamine C-alkylation, and to a lesser extent
N-alkylation, is an appreciably exothern1ic reaction whether via the
ene-reaction (a) or the zwitterionic pathway (d) (~H == -44,5 and
-38,5 kcaljmol respectively), so the secondary enamine tautomer is
likely to be rapidly removed, and the equilibrium displaced.
Secondly, interaction with the nitrogen lone-pair is more likely than
C==N bond fission (bond energy: 74,3 versus 59,4 kcaljmol for a C==C
bond fission) giving a zwitterion, the formation of which would be
reversible, i. e.
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Thirdly, enamine formation will be favoured by protic or oxygen
containing solvents or solvents of high dielectric constant such as
acetonitrile, thus lowering the activation energy for the tautomeric
shift.
(ii) Since the enthalpy of formation of the C-alkylated product from the
ilnine via the ene-reaction (~H = -23,6 kcal/mol) i.e.
z







~H = +20,9 kcal/mol
~H = -44,5 kcal/mol
Z




~H = -23,6 kcal/mol








~T-T = +59,4 (C=C) -83 (C-C) -23,6 kcaljmol.
And, since tertiary enamines are well known to react with electrophilic
alkenes via a two-step zwitterionic pathway, it was reasonable to aSSUlne
that secondary enalnines react in the salne way.
The rate detennining step is likely to be the formation of the secondary
enamine, so the fact that the reaction goes better in methanol, than say
benzene, is irrelevant to the Inechanism. It does not in itself rule out the
ene-pathway, which should be unaffected by the solvent vis-a-vis the
two-step zwitterionic route.
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Finally for the ene-reaction to occur, the conjugation of the enamine system









*This clearly re-int.roduces an element of allylic strain and if this
Inechanism appertained, alkylation of the less substituted enamine tautom~r
would be expected, viz.:
- no strain.
*( This can be removed by pyralnidal inversion but both this and the
rotation process reqnires energy (~ 10 kcaljn10l for vinylalnine) where steric
effects are minilnal, with the consequent increase in activation energy.)
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The enthalpy of alkylation of the imine has been shown to be the same as
that for the tertiary enanline. For the ene-reaction (a) on page 47 the
enthalpy of reaction is more negative than the enthalpy for the reaction (d)
which involves a zwitterionk intennediate i.e. the classical enamine
reaction. This is borne out by the recent work of Sevin et al. 103, Pfau et
at. 104,105 and d'Angelo et al. 106,107,108 which indicates that the reaction
Inechanisll1 proceeds via the ene-111echanis111. The theories of Sevin et al. in
their molecular orbital stuc1y 103 will be examined in some detail because
they use the techniques of quantuln ll1echanical calculations and molecular
orbital theory to elucidate the reaction Inechanislns.
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and both high chelnlca,l and optic.al yields were obtained.
Sevin, Pfau and Tortajada103 adopted a different strategy to Seebach et al~09
to arrive at the structure of the transition state: Instead of using a model for
the transition state· which was deduced from the reaction products, their
work was based on a quantum mechanical study of the reactants which leads
to the c0111posi tion of the transi tion state. Using various geometric
arrangements of Inodel cOlupounds, they attempted to define the electronic
and steric aspects in order to propose a siluple model which would b~ used
for actual testing.
From Scheme 18, certain salient features were extracted in order that a
si111ple enough reaction 1110del could be defined which could be subjected to
nUlueric.al testing via quantum mechanics.
The iluine 92, N-(2-n1ethylcyclohexylidene)-(S)-(-)-l-phenylethylaluine
is in tautolueric equHibrium with enamine 93. Enaluine 93 reacts with
ll1ethyl vinyl ketone (MVK) to give the zwitterion 94 which undergoes
intramolecular proton transfer, and after hydrolysis gives the
(R)-(+)-diketone 95 with enantiomeric excess of 91 %. This means that
alkylation takes place mainly at the pro-R face of 93 in a quasi-axial
manner. The proton transfer in 94 is assumed to be rapid unless the
zwitterion has an unfavourable geometry. This observation is borne out by
the fact that Miehael additions to cyclohexenones proceed mainly via axial
attack. 110
Sevin et al~03 then exalnined the nature of the reactants. Enamine 93 has a
7r-systeln con1prising 2 electron pairs located on 3 atOlnic centres (N-C-C).
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This system is isoelectronic with an allylic anion with 2 electrons in a
n10lecular orbital (1\10) of high energy. In tenus of the theory governing
hard and soft acids and bases111 this moiety is then a 'soft' nucleophile which
means that if it interacts with the soft acid centre of the conjugated ketone,
such interaction" will in all probability involve frontier orbital interactions. 112
On this evidence, Sevin et al. propose that the transition state will have
largely the san1e geon1etry as the optimal approach of the reactants, which
will be governed by both :M:O interactions and steric (non-bonded) effects.
As n10lecules of the cOluplexity of those appearing in Scheme 18 cannot be
used in an ab initio quantum luechanical calculation, simpler n10lecules with
structures 96(a), 96(b) and 97 were selected to investigate the various
reaction possibilities:
H 0







Initially consideration was given to the fonuation of a carbon~arbon bond
between the ternlinal carbons of molecules 96 and 97. As both molecules are
virtually planar, ~10 overlap is favoured when each molecule occupies a













Diagran1s 98 and 99 (Figure 1) are the limiting structures. In structure 98,
which represents the loose approach between reactants 96 and 97, the steric
interactions are at a D1inil11um but the chiral centre a to the N-aton1 is far
frol11 the other atol11S that it would not be possible for aSyl11111etric induction
to occur.
In the close or c0111pact structure represented by structure 99 (Figure 1), the
chiral centre lies Inuch closer to the rest of the system and may well result
in the induction of chiral interactions. The authors point out that the
structure is sterically congested and will not be favoured unless of course
favourable MO interactions occur.
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They studied five types of structures: the all-trans, loose structure 98, and
the four cOlllpact geOlnetries 100 - 103, depicted in Figure 2:
100 101
FIGURE 2
The molec.ules in Figure 2 comprise two sets:
The three atOlns of 97 (N-C-C) and the three carbons of 96 may Qe
arranged so as to forn1 a pseudo-six-membered ring, which has a boat-
conformation in 100 and 101 and a cllair--t.onfonnation in 102 and 103. The
difference between 100 and 101 is the relative position of the carbonyl with
respect to the concavity of the ring. In 102, the carbonyl is pseudo-axial and
in 103 it is pseudo-equatorial.
Their ab initio calculations were carried out using standard procedures,113
and all geometries were optilnized, using two levels of optin1ization.
The first involved the optimization of all the geolnetrical parameters of
96(a), 96(b) and 97. The second involved n1aintaining the reactant molecules
(100 - 103) in parallel planes and freezing the CH and NH bond lengths,
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with all the other parameters optimised. A preliminary scan and calculation
revealed a suitable interplanar displacement 27,5 nln, at which displacement
the overlap of the 7r-systems is noticeable. Any decrease in interplanar
displacement results in an increase in the potential energy of the systeln.
The related 7r-Dverlap was calculated to be of the order if ~ 0,1 and the
overall repulsion energy to be > 10 kcaljmol with respect to infinite
separation, a.nd it was concluded that such values are suitable for the
perturbation theory analysis.
Sevin et al.. a.lso attelnpted to optimize the zwitterionic intermediate 104:
104
which caused thern to encounter lTIany technical difficulties. A 111ini111Uln
energy could not be obtained, but in the vicinity of the 1110lecule depicted in
104 the potential energy was found to change slnoothly, indicating that the
system has a. stable confonnation. This is perhaps the Inost ilnportant
discovery of this paper, in that although zwitterion 104 111ay be regarded as
a local energy ll1inilnUlTI, the zwitterion is unlikely to form because of its
high potential energy. Sevin et al. proposed that a "facile proton transfer
from NH2 to C2, occurring more or iess concomitantly with the C-C bond
formation, would indeed prevent the system from passing through a high
energy zwi tterionic transient species."
58
TABLE 7











The data calculated by Sevin et al. is given above in Table 7.
From these data, it is clear that the lowest energy structure is the all-trans
loose arrangenlent 98. The cOlnpact chair structures 102 and 103 have
approximately the same energy.
The compact boat structures 100 and 101 are less stable but the difference
between the energy of 98 and these structures is very small. From this it is
concluded that the compact structures will be highly favoured with respect
to the structure (98) in which all stericeffects are absent. Also, in structures
100 and 101 the nlaxin1um number of bonds are in the eclipsed conformation
and hence one would expect the non-bonded repulsive interactions to be a
maximum which would account for the higher energy of these structures,
compared with 98. The remainder of this work involved the use of MO
theory to account for the further stabilisation of the compact structures.
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Calculated energies (au) for the frontier orbitals
of 96 and 97.
HOMO == Highest occupied lllolecular orbital
LUMO == Lowest unoccupied molecular orbital.
As the terminal carbon atoms approach to form a bond, two stabilising
two-electron intera.ctions must be considered, viz. between the HOMO and
the LUMO of each systen1, respectively. These two interactions are shown as
(1) and (2) in Figure 3. The perturbation interaction which arises from two
non-degenerate 1\10's is ~ 82/ !:!lE, where 8 is the degree of overlap and !:!lE
is the energy difference between the two levels. To a first approximation,
the overlap of the l\-10's of the two terminal carbon atolllS is approximately
the same for both cases. This means that interaction (1) will be n10re






Figure 4 above shows the representation of Sevin et al. of the MO
arrangement for Inolecules 100 and 102. The lobes have been drawn by the
authors to be approxilnately proportional to their calculated coefficients
and, because C-C bond formation was desired, the overlap was taken as
positive, which fixed the relative signs of the other contributions. The
nUlnbers in Figure 4 correspond to the numbers in Figure 3.
There will be an attraction between the terminal carbon lobes as well as an
attraction between the nitrogen of the enamine and the carbonyl carbon of
the propenal in both diagrams marked (1) in Figure 4. However, in Figure 4:
Boat (1), Cl of the enamine and C2 of the propenal will form a repulsive
interaction which is not present in Figure 4: Chair (1) because the two
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carbon atoms are not coincident. So the favoured structure is Figure 4:
Chair (1). A further effect results from the position of the oxygen atom in
the s~is configuration, shown by the dotted lines in Figure 4. This
interaction provides an additional stabilisation for both Chair (1) and (2)
but is not present in either of the s-trans structures.
These attractive interactions in the chair structures of the compact systems.
are likely to conlpensate for the non-bonded repulsions which occur in such
systems.
Sevin et al. discuss aSylnmetric induction using their co111pact model.
Consideration .of enan1ine 93 (Scheme 18) identifies two series of problelns
concerning the N-substitutents. Firstly, the N-€thene unit is assumed to be
very nearly planar which ilnplies that the most stable geometry corresponds
to the smallest interaction between the ethylenic methyl and the slnallest
substituent on the N, which in this case is H. Secondly, the conformation
around the N and the asyn1metric carbon, -where this carbon is linked to the
conjugated N-C-C chain. It may be inferred that the preferred
conformation is where the CH lies in the nodal plane of the unsaturated
system, which is the type of conformation usually observed in (1'--substituted
ketones or alkenes. 114
Further, if one exalnines enamine 93 (Scheme 18), this situation provides
the minimu1l1 steric congestion when one considers the pseudo-€quatorial H
borne by the nearest saturated carbon of the cyclic structure. The
conformation is shown below:
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105
The flexibility of this structure is important but it may be frozen in a
compact activated· c0111plex. The confonnation creates two diastereotopic
faces, one having a Inethyl group pointing into the superior half-space .and
the second having a. phenyl group pointing into the inferior half-space (i11
the case of an S~arbon). As the methyl and phenyl groups are of
significantly different sizes, any rotation of the two groups will result in the
lnethyl group occupying the less hindered face.
Considering two cases:
(i) R3 and R4 on the ketone in 105 are identical (eg. in MVK), resulting
in the formation of one new asymlnetric centre, i.e. the ethylenic
centre of the former e11alnine. This has been established
experiInentally;
(ii) where R3 and R4 are not the same, probably resulting in the
formation of a second asymmetric centre, provided the structure of
the reaction transition state ren1ains unaltered.
Sevin et al. provide a further argument in favour of the compact activated
complex in exan1ining the evolution of the zwitterion which results in the
formation of the initial C-C bond. In the structure 104, obtained from the
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least motion path starting from the boat geometry of 102, proton transfer
from NH2 to C2 is facile since they are close together. A comparison of the
energy of 104 and 96 + 97 (Table 7) Inay not represent accurately what
happens in the reaction mixture, where solvation is likely to play a n1ajor
role in the stabilisation of any ionic species formed. However the high
calculated endothermicity indjc~tes that proton transfer is likely to be
concerted with the addition step which would avoid the high energy incurred
in the forn1ation of the zwitterion.
Sevin et al. conclude that l'vIichael-type additions might proceed. via a
cOlnpact activated con1plex an observation which is enhanced by the
observed asynl111etric induction of Pfau et al. 's reaction91 which could not
have occurred if the approach had involved an all-trans loose structure.
Further, the proposed structure of the transition state allows for the
prediction of the synchronous formation of two asymmetric centres using the
same (or silnilar) enan1ine (Scheme 18: 93) and a 3-substituted enone. The
latter has now been tested experimentally several times91,104,105,106,107,108
and has been shown to be true.
It now becolnes clear why imine alkylations attempted by the author using
N-(2-1nethylcyclohexylidene)benzylamine and alkylating agents such as
Inethyl iodide, din1ethyl sulphate, benzyl chloride and benzoyl chloride in a
wide range of solvents failed. The cyclic transition sta.te required by the ene
reaction would not have been able to form, and the preferred mode of
reaction then presumably becolnes one of initial N-alkylation. 9
Further investigations on the effect of reaction tilne, imine concentration,
other solvents, Lewis acid catalysts, weak acid and base catalysts, and the
concentration of n1ethyl acrylate, were carried out and the results are
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summarised in Table 8 (a) and (b) with SOlne of the ilnportant results from
the pilot project. 94
The use of capillary gas-liquid chrolnatography with very polar columns
enhanced previous experilnental work such that it became possible to
quantify not only the 2,2-disubstituted isomer, but also the cis- and
trans-2,6-disubstituted iso111ers produced in the reaction. The order of
elution is assulned to be: cis-2,6-, then trans-2,6- and finally the
2,2-disubstituted product. This order of elution was determined by Firre1l96
using preparative gas chro111atography. It was not possible to verify whether
the cis- and trans-2,6-isomers eluted from the C01Ulllll used in the same
order as discovered by Firrell, but it was confinned that the 2,6-isolners
eluted before the 2,2-disubstituted product, by comparison against
authentic materials prepared using Stork's Inethod. 14
The quantification of these cOlnpounds was extremely difficult as it was not
possible to separate the iso111ers from one another in order to obtain single
standards, since preparative gas chromatography was not available to the
author.
Repeated atte111pts were made to form crystalline derivatives of the nlixture
of isomers, all of which failed. The rationale behind these attempts was that
recrystallisation of the solid derivatives would result in the derivative of the
2,2-disubstituted isolner being obtained in a pure fonl1, which could then be
hydrolysed back to the ketone and used as a standard for the quantification
of the various reaction mixtures. The failure to form a crystalline derivative
was undoubtedly due to the isolneric nature of the product mixture. It was
decided that the silnplest way to quantify the ,reaction mixtures
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would be to inject repeatedly the mixture of the 2,2- and 2,6-eompounds,
obtained after vacuum distillation, into a gas chromatograph. An auto-
sa1npler was used to reduce injection errors. It -was assumed that the
response factors .of the various isomers at the flan1e ionisati.on detector,
because of their si1nilar che1l11cal composition, would be the same.
Repeated injections of the 111ixture of 2,2- and 2,6-iso1ners showed that the
2,2-iso1ner, .the cis- and trans-2,6-isomers were present in the ratio of
57,9 : 20,1 : 22,0 respectively, with a standard deviation of 0,41 (n = 12)
\iVhen the c01nposition of the iso111eric standard had been determined it was
necessary to find an internal standard which had a si111ilar general structure
to the c01l1ponents of interest. A compound, 2-eyanoethylcyclohexanone,
prepared using Stork's ll1ethod,14 was chosen since, under the
chromatographic conditions cited, it eluted approximately 1 111inute after
the 2,2-peak. Selected Chr0111atogra111S are included after the experi111ental
section.
Reactio11 111ixtures from various experilnents were then injected onto the
sa1ne colu1nn under the san1e instrU111ental conditions and, using a
calibration graph, the percentage compositions of the various crude reaction
mixtures were estilnated.
These results are given 1n Tables 8 (a) and (b). The hypothesis that
2,2-disubstitution occurs when imines of 2-1nethylcyclohexanone react with
electrophilic alkenes was proven in the pilot project94 previously mentioned.
This provides an extre1nely valuable extension to the Stork alkylation
reaction. It 111eans that the regioselectivity of the reaction can be changed
completely fr0 111 (1', a'-disubstitution to (1', a-disubsti tution merely by
changing the a111ine moiety frOln a secondary to a primary amine. Further it
was shown by the author that this reaction proceeds with either methyl
acrylate, acrylonitrile,94 or phenyl vinyl sulphone.89
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TABLE 8 (a):
Reaction of N-(2-lnethylcyclohexylidene a)benzylamine with methyl acrylate. b
Effect of teInperature, concentration of methyl acrylate, solvent and reaction'
time on the yield of 2,2- and 2,6-dialkylated cyclohexanones. .
1n11ne EqUl\'. Yield c (%)cone. methyl Reaction
No (mol.l- i ) acrylate Solvent time (h) 2 ~ 2- cis-2~6 trans-2,6
1 0~4 1 MeOH 4 13d 2 < 0,1
2 0,4 2 MeOIl 4 46d e 2 3
3 0.4 2 MeOH 16 34d 2 3
4 0,4 2 MeOH 68 38d 2 2
5 0~8 2 MeOII 24 45d e 1,5 1,5
6 0.4 5 MeOH 4 64d 1 3
7 0,4 f 2 MeOH 4 42d 3 6
8 0~4g h 2 MeOII 4 3d < 0,1 < 0,1
9 0,4 2 benzene 4 16d < 0,1 0~5
10 0,4 2 benzene 68 3d ° °
11 0,2 2 benzene 96 3d ° °12 0,2' 2 toluene 68 3d ° °13 0~2 2 CH 3CN 95 50d 1 1
14 0,4 5 CH 3CN 4 66 < 0,1 < 0,1
15 0~4 2 THF 3 54 < 0,1 < 0,1
16 0,25 5 TIIF 72 42e < 0,1 < 0,1
17 0,4 5 THF 72 52 e < 0,1 0~2
18 0,4 2 DMSO 3 37 1 < 0~1
a Unless otherwise stated.
b At the boiling point of dry solvent unless otherwise stated.
c Analysed using GC; Mixture of stereoisoll1ers.
d See reference. 94 e At rOOIn temperature.
f N-(2-methylcyclohexylidene)cyclohexylamine.
g N-2-methylcyclohexylidene)aniline.
h Mostly unreacted 2-lnethylcyclohexanone recovered.
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TABLE 8 (b):
Reaction of N-(2-1uethylcyclohexylidene a)benzylamine with methyl acrylate. b
Effect of solvent, concentration of methyl acrylate, reaction time, and other additives
on the yield of 2,2~ and 2,6-dialkylated cyclohexanones.
ImIne EqUIV. Yield c (%)
conc. methyl Reaction Other
No (mol.l -1) acrylate Solvent time (h) additives 2,2- cis-2,6 trans-2,6
20 0,4 2 benz'ene 68 Me2NH.HCli 32d ° °
21 0,4 2 benzene 68 Et3Ni 49 < 0,1 < 0,1
22 0,4 2 benzene 24 4-DMAP i i 40d < 0,1 1
23 0,4 2 benzene 24 4-DMAPi k 49d < 0,5 °
24 0,4 5 benzene 24 4-DMAPi k 51 < 0,1 < 0,1
25 0,4 5 benzene 4 AlC1 3k 50 0,6 2
26 0,4 5 benzene 4 BF 31 k 65 0.,7 1
27 0,4 2 benzene 4 ZnBr2k 48 < 0,1 < 0,1
28 0,4 5 benzene 24 ZnBr2k 44 e < 0,1 < 0,1
29 0,4 5 CII 3CN 4 4-DMAPi k 63 < 0,1 1
30 0,5 5 TIIF 72 ZnBr2 k" 64 e 0,2 0,3
31 0,5 2 MeDII 4 4-DMAPi i 59d 5 1
32 0,4 5 MeOH 3 4-DMAPi i 90 5 3
a Unless otherwise stated.
b At the boiling point of dry solvent unless otherwise stated.
c Analysed using GC; Mixture of stereoisomers.





The imine, N-(2-methylcyclohexylidene)benzylamine, was prepared using
the method outlined by Hickll10tt and Sheppard.95 A mixture of primary
amine, trace 4-toluenesulphonic acid, 2-111ethylcyclohexanone and benzene
was heated under reflux using a Dean and Stark head to relnove the water
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formed azeotropically.
It was shown in the pilot study that the aniline imine of 2-methylcyclo-
hexanone gave a very low yield of 2,2-disubstituted product which was
probably due to resonance stabilisation of the imine tautomer and/or low
reactivity of the enamine tautolner owing to the p7r~onjugation of the
" .
nitrogen lone pair" with the benzene ring. (Table 8 (a): 8).
It was thus decided to use benzylamine as the primary amine although
cyclohexylamine could equally well have been used as it produced very
silnilar results to the benzylamine imine (Table 8 (a): 7).
Further reasons for using benzylan1ine are: (1) in the proton nrnr, the
benzyl-CH2 signal is usually clearly visible; (2) the aromatic region
provided an easy Ineans" of detennining the completeness of the reaction; (3)
it gives the 2-methylcyclohexanone imine formed a sufficiently high boiling
point that the ilnine is not removed on the rotary evaporator when the
benzene is removed; (4) the ilnine is simple to fractionally distill in vacuo.
When the in1ine had been fractionally vacuum distilled, the purity of the
fractions was detern1ined easily using the infra-red spectra (of the various
fractions.) The ketone peak is clearly seen even if a trace of the ketone is
present in the ilnine.
It was found that the imine is very stable at room temperature in darkness,
provided the flask is well sealed. In fact one imine fraction remained pure,
without any decomposition to the ketone, for more than one year, the flask
being stored in a cupboard.
When the concentration of Inethyl acrylate is increased from 1 to 2
equivalents in "super-dry" methanol dried following Vogel's90 111ethod for
drying ethanol, the yield of the 2,2-disubstituted cyclohexanone 90
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increased from 13 to 46 % (Table 8(a): 1, 2). Increasing the quantity of
methyl acrylate froil1 2 to 5 equivalents (Table 8(a): 6), led to an increase in
the yield of the 2,2-product froil1 46 to 64' %.
Doubling the .concentration of the imine and carrying out the reaction at
rOOlU teil1perature (Table 8 (a): 5) gave a similar result to reaction 2
(Table 8 (a)) although the yield of 2,6-isomers decreased slightly.
However an increase in the reaction tilne alone (Table 8 (a): 3, 4) resulted in
a decrease in the yield of the 2,2-product without effecting an increase in
the yield of the 2,6-isoluers.
In general, enan1ine alkylation reactions carried out in benzene require 111uch
longer reaction ti111es than those in methanol. It was only towards the end of
the this project that it was discovered that the yield of the 2,2-product was
increased in benzene when the reaction ti111e was reduced (vide infra) !
On changing the solvent to benzene the yield of the 2,2-product is much
lower than in luethanol for equivalent reaction conditions. The reaction
between methyl acrylate (2 equivalents) and the ilnine (0,4 M) in benzene
gave a low yield of cOlupound 90 of 16 %. (Cf. Table 8 (a): 2, 9). Increasing
the reaction tirne (normal for ena111ines) to 68 hours at the boil, (Table 8(a):
10) reduced the yield to 3 %, with no trace of any 2,6-isomers. This was
verified on the gas chromatograph by injecting a very concentrated solution
of the reaction Inixture; no 2,6-peaks were observed.
The reaction was also carried out in toluene during the pilot project and
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because of the low yield of 2,2-product it was decided not to investigate this
solvent further. (Table 8 (a): 12). Toluene was used because its boiling point
is higher than the solvents previously used and it was hoped that this might
increase the yield of the reaction products.
Both benzene and toluene have low solvating abilities arid this may , be
responsible for the low yields obtained in these solvents. It is noted that the'
yield of the reaction decreased on increasing the reaction time or increasing
the reaction tenlperature. This has subsequently been found to be due to
cyclisation of the intermediate: 126i.e.
Acetonitrile has a relatively high dielectric constant and, in contrast to
methanol, is aprotic. Methanol is capable of protonating the anionic
intermediates (Scheme 17: 86 and 87) directly, whereas in aprotic solvents
the proton must be transferred either inter- or intra-Inolecularly. Benzene
and toluene are poor solvents for this reaction because of their poor
solvating ability, whereas solvents with excellent solvating characteristics
111ay well facilitate or promote the formation of the transition state cOlnplex.
This is evidenced by the fact that tetrahydrofuran (THF) is also a good
solvent for this reaction though it has a much lower dielectric constant than
methanol or acetonitrile.
Acetonitrile proved to be a very good solvent for this reaction. An
acceptable yield of 2,2-product was obtained and the yield of 2,6-isomers
was also low (Table 8 (a): 14) compared to that in other solvents. The yield
of the 2,2-product was approxiInately the same as that when the reaction
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was carried out in methanol ('I'able 8 (a): 6).
Halving the i111ine concentration and using an extended reaction time in
acetonitrile at the boil, gave a reduced yield of the 2,2-product (50 %), and
the yield of the 2,6-isomers W(}s significant (Table 8 (a): 13).
l\1any organic reactions are carried out in THF due to its excellent solvating
ability. Though is has a dielectric constant similar to that of toluene and
benzene it can solvate polar species. In the two experi111ents carried out in
THF at r00111 te111perature, fair yields of the desired 2,2-product were
obtained (Table 8 (a): 16: 42 %, 17: 52 %). For equal reaction times, a
higher concentration of i111ine gave a higher yield of 2,2-product (Table 8
(a): 17 and 16 respectively).
Again it is noted that the shortest reaction tiIne at the boil resulted in the
best yield for this solvent and a better yield than the yield in 111ethanol at
equivalent concentrations.
At this point it is important to note that considerable losses appear to occur
during the course of this reacUon. After hydrolysis, removal of the solvent
on the rotary evaporator, acid workup and ether extractions, the neutralised
aqueous phases were extracted with ether (and in some cases also with
dichloromethane) and, apart {roln a s111all amount of alkylated imine, no
other organic COITIpounds could be isolated. Examination of the reaction
Inixture by gas chromatography, prior to hydrolysis, showed the presence of
2-methylcyclohexanone. It was shown that the reInoval of the solvent on
the rotary evaporator also azeotroped off all the 2-Inethylcyclohexanone,
and so it was not possible to determine the yields taking into account the
aInount of unreacted 2-methylcyclohexanone.
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Reaction in din1ethylsulphoxjde (DMSO) (Table 8 (a): 18) gave a
disappointing yield of 39 % 2,2-disubstituted cyclohexanone, which may
have been due to the difficulty in relnoving all the water from the DMSO.
Although hydrolysis of the ilnine proceeds rapidly «1 hour) at the boil, it
was shown that at room temperature, even with stirring the hydrolysis
proceeds very slovv1y.
It is known that acids and bases catalyse the conversion of imine to
enamine:
The rate of both the forward and reverse reaction will be increased, but the
enamine will be relnoved by reaction with the electrophilic alkene and so the
equilibriu1l1 will be displaced to the right Inore rapidly.
Silnilar considerations also apply to catalysis using acids:
H-X
The addition of various Lewis acids and bases, and other weak acids and
73
bases, dramatically increased the yield of the reactions carried out in
benzene (Table 8 (b): 20 - 32). Di111ethylamine hydrochloride (1 equivalent)
produced no 2,6-iso111erS, but, at the salne concentrations, the addition of
triethylamine (1 equivalent) gave a higher y~eld of the 2,2-disubstituted
product together with traces of the 2,6-impurities.
Reducing the reacUon tilne to 24 hours and using 4-dimethylaminopyridine
(4-DAP; 1 eqnivalent) reduced the yield of the 2,2-product and again
produced S0111e 2,6-inlpurities (Table 8 (b): 22). However when the reaction
conditions were held constant and the quantity of 4-dimethylaminopyridine
was reduced to 0,1 equivalents, the yield of the 2,2-product was the same
(Table 8 (b): 23) as that provided by the reaction in benzene with
triethyla111ine (Table 8 (b): 21). When the reaction conditions were held
constant and the quantity of methyl acrylate was increased to 5 equivalents,
the yield of 2,2-proc1uct increased to 51 % (Table 8 (b): 24). A marginal
increase in the yield of the 2,2-product was observed on decreasing the
nU111ber of equivalents of weak base and decreasing the reaction time (Table
8(b): 22; 23).
When the reaction tilne was decreased to 4 hours (Table 8(b): 25) and
aluminium chloride (0,1 equivalents) was used, the yield increased to 50 %,
although the quantity of 2,6-isomers also increased.
Boron trifluori de diethyl etherate (0,1 equivalents), under the same reaction
conditions produced the best yield of the 2,2-product in benzene (Table
8(b): 26), althongh the 2,6-isomers were still present.
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Zinc bromide (0,1 equivalents) with luethyl acrylate (2 equivalents) gave a
48 % yield of 2,2-product, with only trace amounts of the 2,6-isomers being
produced (Table 8(b): 27). V·/hen the cOlicentration of methyl acrylate was
increased to 5 equivalents, and the reaction tin1e increased to 24 hours, the
yield decreased lu~uginal]y (Table 8(b): 28). This again shows the
iluportance of a shorter reaction time.
In acetonitrile (Table 8(1)): '29), with 4-dimethylaminopyridine (0,1
equivalents) at the boil, a yield of 63 % 2,2-product was realised, which is a
n1arginal decrease when c0111pa.red to the same reaction conditions without
the addition of 4-dimethyla111inopyridine (Table 8(a): 14).
Reaction 16 (Table 8(a)) was repeated with zinc bron1ide (0,1 equivalents)
and at higher iluine concentration, which in1proved the yield from 42 to
64 % (Table 8(b): 30). A siluilar increase in yield was observed when
reaction 2 (Table 8(a)) was repeated with the addition of 4-diluethylamino-
pyridine (1 equivalent) using "super-dry" methanol as the solvent (Table
8(b): 31). When the nUluber of equivalents of methyl acrylate was increased
to 5, the conc.entration of ilnine increased slightly, the reaction time
decreased to 3 hours and 1 equivalent of 4-dimethylaIuinopyridine added,
there was a dramatic increase in the yield of the desired 2,2-product to 90
% (Table 8 (b): 32). There was however an increase in the quantity of the
2,6 isomers which may have arisen because of the increase in the
concentration of the methyl acrylate. At this stage it was decided to call a
halt to the optiluisation of this reaction since these conditions gave an very
acceptable yield except for the 2,6-impurities produced.
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Finally it should be pointed out that the the effects of increasing the
concentration of the irillne in the reaction with both 2 and 5 equivalents of
methyl acrylate were invesUgated. No quantification of these reaction
rillxtures was attelnpted since the yield of the 2,6-ilnpuriUes had increased
dramatically to a point where the reaction was synthetically useless. Further
evidence for the fact that thi s discovery was not new appears in the work of
Krin11n,77 who reported that when refluxing neat acrylonitrile with the
(N-eyclohexylidene)cyclohexylalnine and subsequent hydrolysis of the
reaction Inixture, only the 2,6-bis(2-eyanoethyl)cyclohexanone was
obtained. As will be Inore fully described in Section 2.4, this reaction was
repeated and verified. It would appear that as the concentration of in1ine
increases, the yield of the 2,6-product also increases.
A final comment is required prior to concluding this section of the work.
Pfau91 claimed that a yield of 81 % 2,2-disubstituted product was obtained
when the imine fonned fron1 (S)-(-)-I-phenylethylalnine and rac-2-
methylcyclohexanone was reacted with Inethyl acrylate in THF for 3 days at
room temperature. It was decided to repeat the reaction under silnilar
conditions using benzylanline in place of (S)-(- )-I-phenylethylamine.
Despite several attempts, the author was unable to obtain the very high
yield claimed by Pfau. It see1l1S unlikely that the ilnine moiety could have
such a dralnatic effect on the yield of the desired 2,2-product. It is possible
that salient points may not have appeared in the communication from which
we worked, and this could account for the difficulty we experienced. The
THF used by the author was purchased from Aldrich and was removed
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under dry nitrogen via a septum which discounts the possibility that the
THF was not dry.
The discovery that inlines of cyclohexanone underwent 2,2-disubstitution
with methyl· acrylate amongst other electrophilic alkenes,93 (Section 2.4)'
also prompted the termination of further investigations into this reaction..
[This does not Inean that further investigations could not have been carried
out on this reaction.]
Suggestions for further investigation include:
(1). shorter .reaction tilnes using methanol, THF, acetonitrile and other
solvents;
(2) reaction In benzene with BF3-diethyl etherate at various
concentrations.
(3) reaction 32 (Table 8(b)) with other acid and base additives at various
concentrations, to detern1ine whether the yield of the 2,6-isomers
could be decreased.
(4) reaction in THF at low reaction tilnes (2 - 3 hours) with
4-dimethylaminopyridine at various concentrations at room
temperature and at the boil in an attelnpt to detennine whether the
same kind of yield could be achieved as was obtained in methanol
(Reaction 32: Table 8 (b)).
CONCLUSION:
From the work carried out so far, it is obvious that the best conditions for
the production of the 2,2-disubstituted product are reaction 32 (Table
8(b)). Methyl acrylate (5 equivalents), N-(2-methylcyclohexylidene)-
benzylan1ine (0,4 11), and 4-din1ethylaminopyridine (1 equivalent) were
heated in "super-dry" methanol under reflux for 3 hours.
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2.2.2 EXPERIMENTAL
General method for the preparation of imines:
The imines were prepared using the lnethod of Hickmott and Sheppard. 95
The imine used through out this section was N-(2-methylcyclohexylidene)-
benzylamine which has previously been fully described. 94 The imine shows a
characteristic C=N absorption at v 1661 cm1. and has a boiling point of 102
- 104°CjO,30 mn1 Hg (Lit.: 120 - 135°CjO,7 ffiln Hg).95 The proton nmr
spectrum shows three 111ain regions: the aromatic region appears as a broad
singlet centered on 8 7,18 (5H); the benzyl -CH2- occurs as a singlet at
84,50 (2H); the methylenejmethine envelope (9H) occurs as a broad signal
between 81,3 and 2,8 and finally the methyl group appears as a doublet
(J = 7,2 Hz) at 81,14 (3H).
For completeness one of the preparations carried out during this phase of
the work is presented:
A lnixture of 2-lnethylcyclohexanone (56,08 g; 0,500 11101), benzylamine
(58,94 g; 0,550 lnol), toluene-4-sulphonic acid (0,1] g) and benzene (100
1111) was heated under reflux under a Dean and Stark head until no further
water was liberated. The benzene was rellloved on a rotary evaporator and
the crude residue fractionally distilled to give N-(2-lnethylcyclohexylidene)-
benzylamine (85,32 g; 85%). The boiling point was constant at 102,5° Cj
0,30 mm Hg.








Analysis of the reaction products using capillary gas chromatography:
All the ana.lyses earried out using a 25 m , BP20 capillary column having an
internal diameter of 0,25 mm. The carrier gas ,was helium using a flow rate
-1of 17,1 ern.s .
Instrumental Parameters:
Detector: Flan1e ionisation detector (FID)
Attenuation: 25G Range: 10
Injector Telupera ture: 210 0 C
Detector Temperature: 240 0 C
Column teluperat ure: 100 0 C, isothermal for 4 n1inutes.















General method for the reaction between methyl acrylate and N--{2-methyl-
cyclohexylidene)benzylaminc:
The solvents were dded and distilled (where appropriate) according to the
methods outlined ill the Foreword to the Experimental. All glassware was'
heated in an oven (100° C) and asselnbled 'whilst still hot.' The reflux
apparatus was sealed with a drying tube containing silica gel and allowed to
cool prior to the introduction of the the reagents.
A Inixture of the N-(2-nlethylcyclohexylidene)benzylalnine, methyl
acrylate and dry solvent was either heated under reflux or stirred at room
temperature for the required time. A quantity of water (1 - 10 ml) was
added and the 111ixture boiled for a period of 1 hour to effect the hydrolysis.
The solvent and any residual methyl acrylate was relnoved on a rotary
evaporator and after cooling extracted with diethyl ether (2 x 50 1111). The
ether extract was washed wjth dilute hydrochloric acid (2 11; 4 x 25 1nl),
satd. aq. sodiuln hydrogen carbonate (25 1nl), water (25 1111), and finally
with satd: aq. sodium chloride (25 nll). The ether extract was dried over
anhydrous magnesium sulpha te, with stirring, for 1 hour. After filtration,
the ether was relnoved on a rotary evaporator and the residue weighed.
As was reported previously, 9~1 the proton nmr of the residues showed, in all
cases, that the methyl doublet at b 1,14 had collapsed to a singlet which
indicated that 2,2-clisubstitution had taken place.
The outline of the reactions will now be given, using the salne numbering
systeln for the reactions that appears in Tables 8 (a) and (b) in Section 1.1:
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Reaction 14: Table 8 (a)
N-(2-methylcyclohexylidene)benzylamine (2,00 g; 10 mmol), methyl
acrylate (4,28 g; 49,8 11111101) in dry acetonitrile (25 ml) was heated under
reflux for 4 hours. Water (1 ]111) was added and boiled for a further hour.
After the extraction,. aqueous workup, drying of the extract, and removal of
the solvent, as described abo\'c, a.n oil (1,70 g) was obtained.
Analysis of this product using eGe showed the rea.ction to yield methyl
3-( cis-3-methyl-2-Dxocyclohexyl)propanoate «2 mg; <0,1 %); methyl
3-(trans-3-methyl-2-Dxoeyclohexyl)propanoate «2 mg; <0,1%); and
methyl 3-(1-methyl-2-Dxoc,\'clohexyl)propanoate (1,29 g: 66%).
Reaction 15: Table 8 (a)
N-(2-111ethylcyclohexylidene)benzylamine (10,00 g; 49,7 11111101), methyl
acrylate (8,54 g; 99,4 Inmol) in dry THF (125 ml) was heated under reflux
for 3 hours. Water (5 l11l) was added and boiled for a further hour. The
volatiles were removed on a rotary evaporator and to the residue was added
di!. hydrochloric acid (2 11; 50 1nl). After the extraction, the nor111al aqueous
workup, drying of the extract, and re1110val of the solvent, as described
above, an oil (6,99 g) was obtained. The acidified mother liquors were
allowed to stand for approxi]nately one hour and were then extracted with
diethyl ether (100 ml). The extract was dried over anhydrous magnesium
sulphate and the ether relnoved. This gave a further 0,79 g product.
Analysis of this product llsing eGe showed the reaction to yield
2-methylcyclohexanone (1,0·-1 g;); methyl 3-( cis-3-methyl-2-Dxo-
cyclohexyl)propanoate «9,2 111g; <0,1%); methyl 3-(trans-3-methyl-2-
oxocyclohexyl)propanoate «9,2 mg; <0,1%); and methyl 3-(1-methyl-2-
oxocyclohexyl)propanoate (5,02 g; 54%).
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Reaction 16: Table 8 (a)
N-(2-methylcyclohexylidene)benzylamine (2,.50 g; 12,4 mInol), methyl
acrylate (5,34 g; 62,1 1111110]) in dry THF (50 1111) was stirred at rOOIn
teInperature for 3 days. Water (1 n11) was added and heated under reflux for
.an hour. After the extracUon, aqueous workup, drying of the extract, and·
"removal of the solvent, as described above, a yellow oil (1,46 g) was.
obtained.
Analysis of this product using eGe showed the reaction to yield methyl
3-( cis-3-n1ethyl-2-oxocyclohexyl)propanoate «2,5 111g: <0,1 %); Inethyl
3-(trans-3-methyl-2-oxocyc]ohexyl)propanoate «2,5 mg; <0,1 %); and
111ethyl 3-(1-methyl-2-oxocyclohexyl)propanoate (1,02 g; 42 %).
Reaction 17: Table 8 (a)
N-(2-methylcyclohexylidene)benzylamine (5,00 g; 24,8 111mol), 111ethyl
acrylate (10,68 g; 124 11111101) in dry tetrahydrofuran (60 ml) was stirred at
room temperature for 3 days. \Vater (1 TIll) was added and heated under
reflux for an hour. After the extraction, aqueous workup, drying of the
extract, and re1110val of the solvent, as described above, a yellow oil (3,29 g)
was obtained.
Analysis of this product using eGe showed the reaction to yield methyl
3-( cis-3-methyl-2-oxocyclohexyl)propanoate «4,6 mg: <0,1 %); methyl
3-( trans-3-methyl-2-oxocyclohexyl )propanoate (9,3 mg; 0,2 %); and
methyl 3-(1-1nethyl-2-oxocyclohexyl)propanoate (2,41 g; 52 %).
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Reaction 18: Table 8 (a)
N-(2-methylcyclohexylidene)benzylamine (1,61 g; 8 nlmol), nlethyl acrylate
(1,38 g; 16 mnlol) in dry dirnethylsulphoxide (DMSO) (20 ml) was heated
under reflux for 3. hours. \VClter (1 ml) was added and heated under reflux
for an hour. After the extraction, aqueous workup, drying of the extract,
and rellloval of the solvent, as described above, a pale brown oil (1,62 g) was
obtained.
Analysis of this product using CGC showed the reaction to yield methyl
3-( cis-3-methyl-2-Dxocyclohexyl)propanoate «15,8 lng: 1 %); nlethyl
3-(trans-3-methyl-2-Dxoe,vclohexyl)propanoate «1,6 mg; <0,1 %); and
methyl 3-(1-nlethyl-2-Dxocyclohexyl)propanoate (0,58 g; 37 %).
Reaction 21: Table 8 (b)
N-(2-methylcyclohexylidene)benzylanline (2,00 g; 10 n1mol), methyl
acrylate (1,71 g; 19,9 nllnol), triethylamine (1,00 g; 10 lnmol) in dry benzene
(25 nll) was heated under reflux for 68 hours. Water (1 ml) was added and
heated under reflux for an hour. After the extraction, aqueous workup,
drying of the extract, and rellloval of the solvent, as described above, a
yellow oil (1,66 g) was obtained.
Analysis of this product using CGC showed the reaction to yield methyl
3-:( cis-methyl-2-Dxocyclohexyl)propanoate «2 lng: <0,1 %); methyl
3-(trans-3--ethyl-2-DxocycJohexyl)propanoate «2 mg; <0,1 %); and
methyl 3-(1--ethyl-2-Dxocyclohexyl)propanoate (0,97 g; 49 %).
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Reaction 24: Table 8 (b)
N-(2-methylcyclohexylidene)benzylamine (2,50 g; 10 11111101), methyl
acrylate (4,28 g; 50 mmol), 4-dimethylaminopyridine (0,12g; 1 mmol) in dry
benzene (25 ml) was heated under reflux for ,24 hours. Water (1 ml) was
added and heated under reflux for an hour. After the extraction, aqueous
workup, drying of the extract,' and rellloval of the solvent, as described
above, a yellow oil (1,63 g) was obtained.
Analysis of this product using CGC showed the reaction to yield methyl
3-( cis-3-methyl-2-oxocyclohexyl)propanoate «2 lng: <0,1 %); methyl
3-( trans-3-methyl-2-oxocyclohexyl)propanoate «2 lng; <0,1 %); and
ll1ethy13-(1-methyl-2-oxocyclohexyl)propanoate (1,01 g; 51 %).
Reaction 25: Table 8 (b)
N-(2-methylcyclohexylidene)benzylallline (5,00 g; 24,8 lllmol), ll1ethyl
acrylate (10,22 g; 119 ll1ll101), alulllinium chloride (0,33 g; 2,5 mmol) in dry
benzene (60 1nl) was heated under reflux for 4 hours. V\T ater (1 ml) was
added and heated under ren ux for an hour. After the extraction, aqueous
workup, drying of the extract, and rell10val of the solvent, as described
above, a yellow oil (4,13 g) was obtained.
Analysis of this product using CGC showed the reaction to yield methyl
3-( cis-3-methyl-2-oxocyclohexyl)propanoate (29 lUg: 0,6 %); methyl
3-(trans-3-111ethyl-2-oxocyclohexyl)propanoate (98 mg; 2 %); and methyl
3-(I-methyl-2-oxocyclohexyl)propanoate (2,46 g; 50 %).
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Reaction 26: Table 8 (b)
N-(2-methylcyclohexylidene)benzylamine (5,00 g; 24,8 mmol), methyl
acrylate (10,68 g; 124 mlnol), boron trifluoride diethyl etherate (0,35 g) in
dry benzene (60 1nl) was heated under reflux for 4 hours. Water (1 ml) was
added and heated under refl ux for an hour. After the extraction, aqueous
workup, drying of the extr(\ct, and removal of the solvent, as described
above, a yellow oil (4,06 g) was obtained.
Analysis of this product using eGe showed the reaction to yield methyl
3-( cis-3-methyl-2-oxocyclohexyi)propanoate (0,34 mg: 0,7 %); methyl
3-( tTans-3-methy l-2-oxocyclohexyl )propanoate (0,49 lng; 1 %); and
methyl 3-(1-n1ethyl-2-oxocyclohexyl)propanoate (3,19 g; 65 %).
Reaction 27: Table 8 (b)
N-(2-methylcyclohexyHdene)benzylan1ine (5,00 g; 24,8 lnmol), n1ethyl
acrylate (4,27 g; 50 mn10l), zinc brolnide (0,56 g; 0,25 n1lnol) in dry benzene
(60 ml) were heated under reflux for 4 hours. Water (20 ml) was added and
heated under reflux for an hour. After the extraction, aqueous workup,
drying of the extract, and ren10val of the solvent, as described above, an
yellow oil (3,59 g) was obtained.
Analysis of this product using eGe showed the reaction to yield methyl
3-( cis-methyl-2-oxocyclohexyl)propanoate «5 n1g: <0,1 %); methyl
3-( trans-methyl-2-oxocyclohexyl)propanoate «5 111g; <0,1 %); and methyl
3-(1-methyl-2-oxocyclohexyl)propanoate (2,41 g; 48 %).
85
Reaction 28:, Table 8 (b)
N-(2-methylcyclohexylidene)benzylamine (5,00 g; 24,8 mmol), methyl
acrylate (10,68 g; 124 1111110]), zinc brolnide (0,56' g; 2,48 mmol) in dry
benzene (60 1111) were stirred at room temperature for 24 hours. Di!. acetic
acid (10%; 20 1111) w~s added and stirred for 10 hours. After the e~traction,
aqueous workup, drying of tIle extract, and removal of the solvent, as
described above, an yellow oil (2,88 g) was obtained.
Analysis of this product using eGe showed the reaction to yield methyl
3-( cis-methyl-2-Dxocyclohexyl)propanoate «5 111g: <0,1 %); methyl
3-(trans-methyl-2-Dxocyclohexyl)propanoate «5 111g; <0,1 %); and methyl
3-(1-lnethyl-2-Dxocyclohexyl)propanoate (2,16 g; 44 %) .
. Reaction 29: Table 8 (b)
N-(2-methylcyclohexylidene)benzylamine (2,00 g; 9,9 mmol), methyl
acrylate (4,28 g; 50 mlnol), 4-dilnethylalninopyridine (0,12 g; 1 mmol) in
dry acetonitrile (25 ml) were heated under reflux for 4 hours. Water (1 ml)
was added and the mixture boiled for a further hour. After the extraction,
aqueous workup, drying of the extract, and rell10val of the solvent, as
described above, an yellow oil (1,66 g) was obtained.
Analysis of this product using eGe showed the reaction to yield methyl
3-( cis-methyl-2-Dxocyclohexyl)propanoate «2 lUg; <0,1 %); rnethyl
3-(trans-methyl-2-Dxocyclohexyl)propanoate (20 111g; 1 %); and methyl
3-(1-methyl-2-DxocyclohexyI) propanoate (1,24 g; 63 %).
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Reaction 30: Table 8 (b)
N-(2-1nethylcyclohexylidene)benzylamine (6,32 g; 31 lTImol), methyl
acrylate (4,28 g; 157 11111101), zinc bromide (0,70 g; 3 -mmol) in dry
tetrahydrofuran (60 1nl) were stirred at rOOln temperature for 3 days. Water
(1 ml) was added and the nlixture heated under reflux for an hour. After the-
extraction, aqueous workup, drying of the extract, and relnoval of the
solvent, as described above, an yellow oil (5,27 g) was obtained.
Analysis of this product llsing CGC showed the reaction to yield methyl
3-( eis-methyl-2-oxocyclohexyl)propanoate (12 l11g; 0,2 %); methyl
3-( trans-methyl-2-oxocyclohexyl)propanoate (19 mg; 0,3 %); and 111ethyl
3-(1-111ethyl-2.-oxocyclohexyl)propanoate (3,98 g; 64 %).
Reaction 31: Table 8 (b)
N-(2-methylcyclohexylidene)benzylamine (25,00 g; 124 11111101), Inethyl
acrylate (53,49 g; 621 mnlo1), 4-din1ethylal11inopyridine (1,52 g; 12 mmol)
in dry m~thanol (31,6 1nl) were heated -under reflux for 4 hours. Water
(20 ml) was added and the Inixture boiled for a further hour. After t11e
extraction (ether; 3 x 100 1111), aqueous workup (2M HCl, 4 X 50 ml; Water,
2 X 50 ml; Satd.NaHC03, 50 1nl; Satd. NaCl, 50 1111), drying of the extract,
and removal of the solvent, as described above, a yellow oil (27,48 g) was
obtained.
Analysis of this product using CGC showed the reaction to yield methyl
3-( eis-methyl-2-oxocyclohexyl )propanoate (1,23 g; 5 %); methyl 3-( trans-
methyl-2-oxocyclohexyl)propanoate (0,24 g; 1 %); and 111ethyl 3-(1-
methyl-2-oxocyclohexyl)propanoate (14,51 g; 59 %).
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Reaction 32: Table 8 (b)
N-(2-methylcyclohexylidene)benzylamine (3,99 g; 20 lTIffiol), methyl
acrylate (8,52 g; 99,1 mmol), 4--dimethylaminopyridine (2,42 g; 20 mmol) in
dry methanol (501111) were heated under reflux for 3 hours. Water (1 ml)
was added and the mixture boiled for a further hour. After the extraction,
aqueous workup, drying of the extract, and relnoval of the solvent, as
described above, an yellow oH (3,93 g) was obtained.
Analysis of this product using eGe showed the reaction to yield methyl
3-(cis-methyl-2-Dxocyclohexyl)propanoate (196 111g; 5 %); methyl
3-(trans-methyl-2-Dxocyclohexyl)propanoate (118 111g; 3 %); and methyl
3-(1-methyl-2-Dxocyclohexyl)propanoate (3,52 g; 90 %).
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2.3 INVESTIGATION INTO THE MECHANISM
OF THE ALKYLATION OF
N-(2-METHYLCYCLOH'EXYLIDENE)
BENZYLAMINE WITH METHYL ACRYLATE:
2.3.1 DISCUSSTON:
The referees of a paper we submitted to Tetrahedron Letters89 suggested
that ilnine 89 (Scheme 19) could fonn preferentially and subsequently
undergo a rearrangelnent to ilnine 88 to give the 2,2-product on hydrolysis.
It was suggested t.hat we attempt to verify (or disprove) th.is possibility.
Firstly it was necessary to prepare the ketone 91 (Scheme 19) and from it
imine 89. This inline would be heated under reflux together with Inethyl
acrylate in dry nlethanol, and after hydrolysis and the usual workup, the
product would be analysed on capillary gas chromatography to detennine
whether any of the 2,6-starting ketone had undergone the suggested
conversion to the 2,2-ketone (Scheme 19: 90).
Secondly, in1ine 89 would alone be subjected to the reaction conditions
without methyl acrylate because it was possible (though unlikely) that the
imine may have undergone this rearrangement to the 2,2-iInine without the
presence of the alkylating agent.
It was decided that several further experiments be carried out which would
make it easier to identify whether any rearrangen1ent had taken place and
also to detennine whether the elect.rophilic alkene played a part in the
suggested rearrangement':
89
Firstly, the pyrrolidine enanline of 2-methylcyclohexanone was to be
alkylated with acrylonitrile to give 3-(3-methyl-2-Dxocyclohexyl)-
propanenitrile (106) and fr0111 it the benzylamine- imine (107) would be
prepared.
Imine 107 would then to be subjected to the following reaction conditions
(1) Inethyl acrylate in IneLhanol heated under reflux for 4 hours;
(2) methanol alone heated under reflux for 4 hours;
(3) 4-dilnethyla111inopyridine (0,1 equivalents) in 111ethanol heated under
reflux for 4 hours;
(4) methyl acrylate, 4-dilnethylalninopyridine (0,1 equivalents) in
methanol heated under reflux for 4 hours;
(5) Inethyl acrylate in 111ctltanol heated under reflux for 20 hours.
The purpose of using the 111ethyl acrylate on the nitrile inline 107 was that if
it either replaces the propanenitrile Inoiety or attacks C-2, the ester
carbonyl signal in the infra-red would be separated froln the ketone
absorption and in the proton nnlr spectrU111, the -01\1e singlet would be well
downfield (~8 3,6), away fron1 the methylene/methine envelope. CGC would
also show any changes to the starting ketone 106.
The synthesis of the ketones (91 and 106:· Scheme 19) was effected via the
pyrrolidine enanline of 2-1nethylcyclohexanone, methyl acrylate or
acrylonitrile, in dry metha.nol following Stork's method. 3 This gave the
desired 2,6- products [methyl :3-(3-methyl-2-Dxocyclohexyl)propanoate: 91
and 3-(3-methyl-2-Dxocyclohexyl)propanenitrile: 106 respectively] which
gave spectra and analytical data consistent with these compounds.
90
The formation of the itnines 89 and 107 (Scheme 19) proved more difficult to
achieve, since the in1ine molecules are sterically hindered, and so are
difficult to synthesize.
o
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The reaction in toluene, using toluene-4-sulphonic acid as catalyst, of
benzylamine and ketone 91 failed to give the desired inline 89 after refluxing
the mixture under a Dean and Stark head for 21 hours. Examination of the
fractions obtained from the vacuum distillation of the residue using
infra-red spectroscopy showed no characteristic C==N absorption at
1660 cm-i.
An atten1pt to fonn the benzylarnine iInine of 3-(3-methyl-2-oxocyclo-
hexyl)propanenitrile using toluene-4-sulphonic acid as catalyst in benzene,
using the same technique also failed. Fractional vacuum distillation of the
residue, after ren10val of the solvent on a rotary evaporator, gave several
fractions none of whlch showed the characteristic infra-red C==N absorption.
White and \\leingarten et af.15'116 outlined the use of titaniun1 tetrachloride
in the synthesis of enan1ines and ketimines of ketones or arnines which were
volatile or highly substituted. These papers provide highly irnportant routes
to the synthesis of sterically hindered enamines and in1ines.
The TiC14 is a very effective water scavenger and it can act catalytically
(although not a true catalyst, since it is consumed in the reaction) in the
Lewis acid sense, to polarize the carbonyl bond. The titaniun1 atom
coordinates the carbonyl oxygen which prepares it for the reaction with the
amine and for the transfer of the carbonyl oxygen from carbon to
ti tanium. 116
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The reaction in outline is as follows:
+. 6 RNlh + TiC1 4 ~
A slight excess over the stoichio111etry of both amine and titanium
tetrachloride gives best results for the fonnation of the i111ine.
Carlson and Nilsson117 proposed a 1110dified method for the generation of
enamines of stedcally hindered carbonyl compounds, the reactions. being
accomplished in very short reaction times.
The reaction involves the initial formation of the amine-Ti C14 cOlnplex in
dry hexane at 00 C, followed by the addition of the ketone in one portion to
the reaction flask. After the addition of the ketone, the solution is allowed
to return to a111bient temperature and stirred for 2 hours prior to filtration
through a sintered glass funnel and removal of the hexane on a rotary
evaporator. It was discovered that the filtration 111ay be speeded up
considerably by placing dried diatomaceous earth onto the sinter prior to
filtration and also not to fill the funnel with sample, but rather to allow a
slow steady strea111 to hit the filter cake.
Firstly, imine 89 was prepared by the addition of ketone 91 to the preformed
TiC14-benzylalnine complex in dry hexane. After filtration, the hexane was
removed on a rotary evaporator. In an attempt to remove as much of the
excess benzylal111ne as possible, the residue was pumped under reduced
pressure and finally fractionally vacuum distilled to give a 69% yield of the
desired imine. The infra-red spectrum showed the C==N and ester carbonyl
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absorptions at 1663 and 1739 Cll1-1 respectively, whilst the proton nmr
spectrum showed the methyl group as a multiplet (8 0,9 - 1,3); twelve
protons in the region 8 1,3 - 2,7; the methoxy methyl as a singlet at 8 3,6;
the benzylluethylene group at 84,5 and five benzene ring protons as a broad
singlet centred on 8 7,2. The carbon spectrum showed that the compound
was not very stable and had partially decomposed by the time the spectrum
was run, but eGC, executed ill1ll1ediately after distillation indicated that
the compound was quite clean and the accurate mass measurement was
consistent with the structure proposed.
In a separate reaction an increase in the yield to 80% occurred when the
reaction mixture was heated under reflux for 2 hours, prior to the removal of
the solvent and fractional vacuum distillation.
The benzylaluine in1ine (89) of methyl 3-(3-methyl-2-Dxocyclohexyl)-
propanoate (91) when heated with methyl acrylate (2 equivalents) in
"super-dry" methanol heated under reflux gave, after the usual aqueous
workup, only 3-(3-1uethyl-2-Dxocyclohexyl )-propanoate (91). In the proton
nmr of the product, the methyl doublet (8 1,1; J == 17 Hz) had not collapsed
to a singlet, as it would have done had alkylation occurred at the carbon to
which the methyl group was attached. Also the methyl integrated for three
protons. Further there was no evidence of any 2,2-disubstituted ketone (90)
when the product was subjected to eGe analysis.
Similarly, when imine 89 was heated under refluxed in dry methanol for 4
hours, the product, upon hydrolysis and the usual aqueous workup gave only
unchanged 2,6-disubstituted ketone (91).
The preparation of the benzylamine imine (107) of 3-(3-methyl-2-Dxo-
cyclohexyl)propanenitrile (106) was also effected via the titanium
tetrachloride
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Inethod, the reaction Inixture being heated under reflux for 2 hours prior to
filtration, removal of the solvent and fractional vacuum distillation.
Although the yield was relatively low (21 %) the spectral and analytical data
were consistent with the structure proposed for the in1ine. The infra-red
spectrum showed both the C=N and C=N absorptions at 1661 and 2253 cm-1
respectively; the proton nn11" spectrum showed the n1ethyl group as a
doublet (81,1; J = 7,6 Hz); twelve protons between 81,3 and 2,8; the benzyl
111ethylene group as a singlet at 8 4,5 and finally the five benzene ring
protons as a broad singlet at 8 7,3. The 13C-nmr spectrum was consistent
with the proposed structure, although S0111e of the peaks were 'twinned'
most probably due to the presence of the other possible isomers. The nitrile
singlet appears at b 120,9; the iInine C=N singlet at 8 176,15; the methyl
. quartet at 8 16,6 and the two doublets consistent with the 2,6-structure of
the starting ilnine at 831.1 and 40,0 respectively. The accurate mass
measurement was consistent with the molecular formula for this cOlupound.
A repeat reaction where the reaction n1ixture was stirred for 19 hours and
not heated under reflux after reaching a111bient telnperature gave a slightly
better yield (44%).
The benzylamine iInine (107) of 3-(3-methyl-2-oxocyclohexyl)propane-
nitrile (106) was heated under reflux in "super-dry" methanol for 4 hours
and gave after the usual workup only the starting ketone (106). CGC also
only showed 3-(3-methyl-2-oxocyclohexyl)propanenitrile (106). No
evidence of any 3-(1-1nethyl-2-oxocyclohexyl)propanenitrile was seen.
Imine 107 was then heated under reflux in the presence of methyl acrylate (1
equivalent) in "super-dry" methanol for 4 hours. Again after the usual
workup, no 3-( I-lnethyl-2-oxocyclohexyl )propanenitrile was present in the
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reaction mixture.
The addition of 4-din1ethylaminopyridine (0,1 equivalents) to in1ine 107 in
"super-dry" n1ethanol under reflux for 4 hours in an attempt to catalyse
rearrangement by initial carbanion formation fr- to the n1ethoxycarbonyl-
group also proved fruitless.
The addition of nlethyl acrylate (1 equivalent) to a repeat of this reaction
also showed only starting ketone 106 and no
3-(1-n1ethyl-2-oxocyclohexyl)-propanenitrile.
This proves beyond doubt that the initial formation of the product does not
involve the rearrangel11ent of imine 107 but that the substitution takes place




Synthesis of pyrrolidine enamine of2-methylcyclohexanone.
Following the 111ethod of Stork3 the pyrrolidine enamine of
2-methylcyclohexanone was prepared as follows:
2-Methylcyclohexanone (80,00 g; 0,71 mol), pyrrolidine (55,80 g; 0,78 luol)
and 4-toluenesulphonic acid (0,1 g) in benzene (200 1nl) were refluxed using
a Dean and Stark water separator until no further water was liberated. The
benzene and excess pyrrolidine were relnoved on a rotary evaporator and the
resulting product was vaCUU111 distilled to give starting ketone (16,61 g) and
3-111ethyl-2-(N-pyrrolidinyl )cyclohexene (84,.58 g; 83%; taking into
account the recovered starting ketone).




Preparation of methyl 3={3-rnethyl-2-oxocyclohexyl)propanoatc.
Using the lnethod described by Firrell96 , lnethyl 3-(3-methyl-2-oxocyclo-
hexyl)propanoate was prepared in the following manner: The pyrrolidine
enalnine of 2-1uethylcyclohexanone (62,09 g; 0,376 lnol), methyl acrylate
(32,36 g; 0,376 11101), and 111ethanol (50 1111) were refluxed for 3 hours. \~rater
(5 ml) was added and the mixture refluxed for a further hour. The solvent
and excess 111ethyl acrylate were removed on a rotary evaporator and the
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residue extracted with ether (100 ml). The ethereal layer was washed with
di!. aq. hydrochloric acid (2~\'1; 4 x 25 ml), satd. aq. sodium hydrogen
carbonate (25 nu), water (3 x 25 ml) and satd. aq. sodium chloride (25 ml).
The ether solution was dried over anhydrous magnesium sulphate and after
re1110val of the ether 01~ a rotary evaporator, the residue was distilled under
vacuum to give ri1ethyl 3-(:3-111ethyl-2-Dxocyclohexyl)propanoate· (40,84 g;
54%).
In a repeat reaction, the yield was increased to 68% apparently because the
reaction mixture was inad\"ertently refluxed for a further 2 hours after
having stood at rOOI11 ternperature for 24 hours.
Boiling point: 102 0 C / I1nn1TTg (Lit. 96 : 88 -90 0 C/53 Pa))





d, J = 6 Hz, CH3
1,2 - 2,6
3,6
Methylene envelope; 12 H
s,OMe
Preparation of 3=={3-methyl-2-oxocyclobexyl)propanenitrile.
In a silnilar manner the 3-(3-1uethyl-2-Dxocyclohexyl)propanenitrile was
prepared: 3
The pyrrolidine enamine of 2-methylcyclohexanone (25,19 g; 0,1391uol),
acrylonitrile (14,74 g; 0,278 11101), and luethanol (50 1nl) were refluxed for 3
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hours. Water (.5 1111) was added and the mixture refluxed for a further hour.
The solvents and excess acrylonltrile were re1110ved on a rotary evaporator
and water (250 1nl) was added and the Inixture extracted with ether (3 x
250 ml). The ethereal layer was washed with dil. aq. hydrochloric acid (2:t\1;
4 X 50 ml), satel. aq. sodiu111 hydrogen carbonate (50 1nl), water (50 1111) and
satd. aq. sodiulll chloride (.50 1nl), and dried over anhydrous magnesium
sulphate. R.e1110val of the ether gave an oil (24,31 g) which was distilled
under vaCUUln to give 3-(3-nlcthyl-2-Dxocyclohexyl)propanenitrile (18,04 g;
79%).
Boiling point: 130 0 C / 3,3 nunHg (Lit. 3: 132 - 133/ 2 mmHg).





0,96 d; J = 6,4 Hz; CIIrCH
1,1-2,8 Methylene envelope; 12 H
Attempted preparation of the benzylamine imine of methyl 3=!3-methyl-2-
oxocyclohexyl)propanoate using the azeotropic method.
Methyl 3-(3-methyl-2-Dxocyclohexyl)propanoate (40,84 g; 0,206 mol),
benzylamine (44,15 g; 0,412 mol),' 4-toluenesulphonic acid (0,12 g) in
toluene (70 ml) were refluxed using a Dean and Stark water separator for
21 h. The toluene was re1110ved on a rotary evaporator and the residue
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distilled under vacuun1 to give four fractions. None of the fractions gave the
imine, as evidenced by the absence of an ilnine absorption in the infra-red
spectra rUll on each of the fractions.
Attempted preparation of the benzylamine imine of 3=!3-methyl-2-<>?Co-
cyclohexyl)propanenitrile.
3-(3-1nethyl-2-oxocyclohexyl)propanenitrile (18,00 g; 0,109 mol),
benzylamine (11,79 g; 0,110 l1lol), 4-toluene-sulphonic acid (0,1 g) in
benzene (100 1nl) were refluxed using a Dean and Stark water separator for
21,5 h. The benzene was removed on a rotary evaporator and the residue
distilled under VaCUUl1l. None of the fractions showed the C=N absorption
. in the infra-red and hence none contained the imine.
Preparation of the benzylamine imine of methyl 3-:(3-methyl-2-{)xocyclo-
hexyl)propanoate using the titallium tetrachloride method.
Following the method used by Carlson and Nilsson99 for the preparation of
enamines, a three necked, round bottomed flask (250 ml) was fitted with a
pressure equalising dropping funnel, a reflux condenser fitted with a guard
tube containing anhydrous calciul1l chloride, and a mechanical stirrer. The
whole apparatus was flushed with dry nitrogen. Benzylamine (6,43 g;
60 mmol) in dry hexane (80 ml) was introduced into the flask and cooled in
ice/water to 0 0 C. Titanium tetrachloride (1 ml; 9 Inmol) in dry hexane
(10 l1ll) was added dropwise to the benzylamine solution with stirring and
under a positive pressure of dry nitrogen. After the addition had been
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completed, the 111ethyl 3-(3-methyl-2-oxocyclohexyl)propanoate (1,98 g; 10
mmol) was added in one portion to the flask. The solution was stirred for
two hours at roon1 temperature and then filtered through oven dried
diato111aceous earth contained in a sintered glass funnel (porosity 3). After
filtration, the hexane was removed on a rotary evaporator and the residue·
pumped under reduced pressure (0,1 IllmHg) in an attempt to relllove as
much of the benzylallline as possible to give an oil (3,98 g). A portion (3,41
g) was VaCUUl11 distilled to give a mixture of starting ketone and
benzylallline (0,50 g) and the i111ine: N-[2-(2-methoxycarbonylethyl)-2-
methylcyclohexylidenejbenzylamine (1,98 g; 69%).
Boiling point: 148 - 150 0 Cj 0,27 111m Hg
IR: Vmax fill11 C111-1
1 663 C=N
1 739 C02~1e















In a repeat preparation, titanium tetrachloride (3 ml; 27 111mol) in dry
hexane (30 ml) was added dropwise to benzylamine (19,29 g; 180 mmol) in
dry hexane (240 1111) at 0 0 C. To this complex, was added methyl
3-(3-methyl-2-oxocyclohexyl)propanoate (5,94 g; 30 mmol). After the
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teITIperature had risen to room temperature, the mixture was raised to the
boil and was heated under reflux for 2 hours, prior to removal of the hexane
and vacuun1 distillation to give a mixture of benzylamine and startip.g
ketone (2,04 g) and the desired iITIine in greatly improved yield (6,88 g;
80%).
Preparation of the benzylainlne imjne of 3---{3-methyl-2--oxocyclo-
hexyl)propanenitrile using the titanium tetrachloride method.
Using the san1e general method used above, a three necked, round botto111ed
flask (250 1111) was fitted with a pressure equalising dropping funnel, a refllL\:
condenser fitted with a guard tube filled with anhydrous calciulTI chloride,
and a mechanical stirrer. The whole apparatus was flushed with dry
nitrogen. BenzylalTIine (6,43 g; 60 ITIITIol) in dry. hexane (80 ml) was
introduced into the flask and cooled in ice/water to 0 0 C. Titanium
tetrachloride (1lili; 9 Inmol) in dry hexane (10 1111) was added dropwise to
the benzylan1ine solution with stirring and under a positive pressure of dry
nitrogen. After the addition had been con1pleted, the ketone (1,65 g; 10
mmol) was added in one portion to the flask Once the temperature reached
room temperature, the mixture was raised to the boil for 2 hours, before
being filtered through oven dried diatomaceous earth in a sintered glass
funnel (porosity 3). After filtration, the hexane was removed on a rotary
evaporator. The residue was pumped under reduced pressure (0,1 OmmHg)
in an attelTIpt to remove the benzylamine and gave an oil (2,51 g), which
was VaCUUITI distilled and gave the imine: N-[2-(2-cyanoethyl)-6-methyl-
cyclohexylidene}benzylamine (0,53 g; 21 %).
Boiling point: 70-72 0 C / 0,15 mmHg










d; J == 7,6 Hz, CH3-CH
. methylene/Inethine envelope; 12 H
s; 2H; N-CH2-Ph
br.s; 5H; Ph
13C NI\1R: 8 (CDC13)
176,4 s C-5 34,7 t C-3
140,9 s C-12 33,0 t C-7
128,3 d C-15 31,4 d C-{)
127,3 d C-14 27,:3 t C-9
126,4 d C-13 20,4 t C-8
120,4 s C-1 16,9 q C-10
53,1 t C-11 15,2 t C-2
40,3 d C-4
Accurate mass: Found: 254,1771
254,1783
This reaction was repeated using. titaniu1l1 tetrachloride (6,06 ml;
54,5 mInol) in hexane (60 1111), benzy1anline (38,97 g; 363,6 Inmo1) in hexane
(485 1111) and 3-(3-Inethyl-2-oxocyclohexyl)propanenitrile (10 g; 60,6
Inmol) using the saIne technique, except that the reaction mixture was
allowed to return to room temperature, with stirring, for a total of 24 hours.
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This gave an oil (10,66 g) which on fractional vacuum distillation gave three
fractions. The first fraction (1,95 g) was benzylamine, the second fraction
(0,5 g) was a il1ixture of benzylamine and starting ketone and the final
fraction was the desired imine (6,76 g; 44%).
Boiling Point: 181,5° C/l,2 il11nHg.
Attempted reaction of the benzylamine imine of methyl 3--{3-methyl-2-{)xo-
cyc1ohexyl)propanoate with methyl acrylate in methanol.
The imine (2,58 g; 9 mmol), methyl acrylate (1,55 g; 18 mmol) were
refluxed in il1ethanol (20 1nl), the reflux condenser being fitted with a guard
tube, for 4 h. \Vater (10 1nl) was added and the Inixture refluxed for a
further hour. The Inethanol and excess methyl acrylate were relnoved on a
rotary evaporator and the product extracted with ether (3 x 50 il1l). The
ethereal extract was washed dil. aq. hydrochloric acid (4 x 25 1nl ; 2 11),
satd. aq. sodiuill hydrogen carbonate (25 illl), water (3 x 25 ml) and satd.
aq. sodium chloride (25 illl). The ethereal solution was dried over
anhydrous magnesium sulphate after which the solvent was removed on a
rotary evaporator to give ail oil (2,02 g). GLC showed that this was methyl
3-(3-methyl-2--oxocyclohexy1)propanoate.
Attempted rearrangement of the benzylamine imine of 3--{3-methyl-2-oxo-
cyclohexyl)propanenitrile with methyl acrylate (1 equivalent) in methanol.
The imine (0,30 g; 1,2 mmol), methyl acrylate (0,10 g; 1,2 mmol) in
"super-dry" methanol (5 rul) were heated under reflux for 4 hours. After the
usual hydrolysis and aqueous workup, only unchanged starting
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3-(3-methyl-2-oxocyclohexyl)propanenitrile (0,16 g) was recovered. This
was verified using eGe and the known standards.
Attempted rearrangement of the benzylamine imine of 3--{3-methyl-2-oxo-
cyclohexyl)propanenitrile in refluxing methanol.
The i111ine (1,00 g; 3,93 11111101) was heated under reflux in "super-dry"
111ethanol (10 1111) for 4 hours. After the usual hydrolysis and aqueous
workup, only unchanged starting 3-(3-methyl-2-oxocyclohexyl)propane-
nitrile (0,64 g) wa.s recovered. This was verified using eGe and the known
standards.
Attempted rearrangement of the benzylamine imine of 3::{3-methyl-2-oxo-
cyclohexyl)propanenitrile in refluxing methanol with the base:
4-dimethylarninopyridine:
The imine (1,00 g; 3,93 1n1110l), 4-dimethylaminopyridine (0,05 g;
0,393 mmol) were heated under reflux in "super-dry" methanol (10 ml) for
4 hours. After the usual hydrolysis and aqueous workup, only unchanged
starting 3-(3-methyl-2-ox,ocyclohexyl)propanenitrile (0,62 g) was
recovered. This was verified using eGe and the known standards.
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Attempted rearrangement of the benzylamine imine of 3=-{3-methyl-2-ox(}-
cyclohexyl)propanenitrile ln refluxing methanol with the base:
4-dimethylaminopyridine and methyl acrylate (1 equivalent):
The imine (1,.50 g; .5,90 mInol), methyl acrylate (0,.50 g; 5,90 mn101),.
4-din1ethylaIllinopyridine (0,07g; 0,59 mmol) were heated under reflux in
"super-dry" methanol (14 1nl) for 4 hours. After the usual hydrolysis and
aqueous workup, only unchanged starting 3-(3-Inethyl-2-oxocyclohexyl)-
propanenitrile (0,97 g) was recovered. This was verified using CGC and the
known standards.
Attempted rearrangement of the benzylarnine imine of 3=-{3-methyl-2-ox(}-
cyclohexyl)propanenitrile in refluxing methanol with methyl acrylate
(2 equivalents) using an extended reaction time (20 hours):
The imine. (1,50 g; 5,90 mmol), methyl acrylate (1,02 g; 11,81 mmol) in
"super-dry" methanol (14 ml) were heated under reflux for 4 hours. After
the usual hydrolysis and aqueous workup, only unchanged starting
3-(3-methyl-2-oxocyc1ohexyl)propanenitrile (0,88 g) was recovered. This
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Firstly, the 3-(3-methyl-2--{)xocyclohexyl)propanoate was injected onto the
column in order to ascertain the positions of the cis- and trans- isomers.
Secondly the 3-(1-1nethyl-2--{)xocyclohexyl)propanoate was injected onto
the column under the same conditions. This showed that this mixture
contained Inainly the 3-(1-methyl-2--Dxocyclohexyl)propanoate but also
present were the czs- and trans- isomers of
3-(3-methyl-2--{)xocyclohexyl)-propanoate. These peaks appeared at 13,29;
12,83 and 12,64 111inutes respectively. (These are uncorrected retention
times ).
Aft.er the attempted reaction of the benzylalnine imine of 3-(3-methyl-2-
oxocyclohexyl)propanoate with methyl acrylate in "super-dry" methanol for
4 hours, the product obtained from the hydrolysis was injected onto the
sa111e column under the same instrumental conditions.
The chromatogram clearly shows that no 3-(1-methyl-2--{)xocyclohexyl)-
propanoate was fonned in the reaction, and that the main product are the
isomers of 3-(3-methyl-2--{)xocyclohexyl)propanoate. There were other
peaks at much longer retention times and these were probably due to
polyluerisation products resulting fro111 the methyl acrylate.
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All the other hydrolysed reaction mixtures described above were subjected
to a sin1ilar analysis using authentic 3-(3-methyl-2--oxocyclohexyl)-
propaneni trile, 111ethy1 3-(3-methyl-2--oxocyclohexy1)propanoate and
Inethyl 3-(1-methyl-2--oxocyclohexyl)propaJloate under the same
instrumental conditions and using the same column and in every case only









Having carried out the work discussed in Section 2.2, we became aware of
conflicting reports in the patent literature77 which claimed that the
alkylation of N~yclohexylidenecyclohexylan1ine (108) with neat
acrylonitrile gave 2,6-bis(2~yanoethyl)cyclohexanone(109) after
hydrolysis.
This was clearly in conflict with the work carried out by the author89 and by
Pfau. 91 The ilnplj cation was that either the patent literature was incorrect
or that the reaction of N~yclohexylidenecyclohexylalnine(108) with neat
acrylonitrile did not follow the same reaction pathway as the alkylation of














It was therefore necessary to re-investigate this reaction and in the course
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of this work we have found that the course of the imine-alkylation reaction
is surprisingly sensitive to both steric effects and to the relative reactivity of
the electrophilic reagents. Repetition of the reac'tion between N-eyclo-
hexylidenecyclohexylamine (108) and neat acrylonitrile was carried out at
100 0 C, using an oil. bath to maintain a constant temperature,_ and an
efficient condenser to prevent any possible loss of acrylonitrile. The
infra-red spectrU111 of the crude product prior to hydrolysis showed an imine
absorption at 1649 C111-1, a weak carbonyl absorption at 1709 cm -1 and a
relatively strong nitrile absorption at 2260 cm-i. However, when the reaction
111ixture was fractionally distilled in vacuo three fractions were obtained,
none of which showed an i111ine absorption. The carbon spectrum clearly
showed the C-2 and C-6 signals as doublets (De 48,5), the C=N (C-3')
peaks as a singlet (be 119,0) and the carbonyl (C-1) as a singlet (be 210,8).
Because of the sy111metry of the molecule there were three triplets of
•
unusually high intensities indicating the presence of two carbons at each
chemical shift. The triplets C-1', C-2' and C-3 appeared at be 14,2; 24,6
and 34,2 ppm respectively. A triplet with a much lower intensity (C 4 )
appeared at De 24,2 ppm. The lR spectrum showed the nitrile and carbonyl
absorbances at 2 227 and 1 708 cm-1 respectively, which is consistent with
the spectrum obtained for 2,6-bis(cyanoethyl)cyclohexanone (109A)
prepared by authentic methods. 3 This reaction also yielded the N-alkylated
amine, N-(2-eyanoethyl)cyclohexylamine (110) as the only other product.
There appeared to be no 2,2-bis(cyanoethyl)cyclohexanone present in the






















It would therefore appear that the patent report 77 is correct and
2,6--di-alkylation does indeed occur under these conditions to give
2,6-bis(cyanoethyl)cyclohexanone. The observation that the 2,6-bis
compound is formed preferentially in the absence of solvent is important, for
whilst attelnpting to optilnise the conditions for the alkylation of various
imines of 2-methylcyclohexanone, the author had noticed in his preliminary
work 94 that the n10re concentrated the imine solution becalne the more
2,6-product was obtained.
It was decided that the alkylation of unsubstituted cyclohexanone should be
investigated under silnilar reaction conditions to those which produced the
2,2--disubstituted 2-n1ethylcyclohexanones.
If an electrophilic alkene were to react once with the cyclohexanone imine in
either of the positions adjacent to the carbonyl group to produce the mono-
alkylated in1ine, the latter should react with a further equivalent of the
electrophilic alkene to give the bis-2,2-disubstituted cyclohexanone, provided
that steric constraints and the relative reactivities of the alkenes were such
that further alkylation could proceed. This forms the basis of this section of
the project ..
The benzylamine ilnine of cyclohexanone (111) and dry acrylonitrile
(6 equivalents) were heated under reflux for 21 hours in "super dry"
methanol, and hydrolysed by boiling with water (10 ml) for an hour, giving
only the mono-alkylated product, 2-(2-eyanoethyl)cyclohexanone (112).
This product was identical with authentic 2-(2-eyanoethyl)cyclohexanone 3
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showing the C-2 signal in the 13C-nmr spectrum as a doublet (Oe 48,2). The
2-(2-eyanoethyl)cyclohexanone was then converted to the propylamine
imine (113), via the standard azeotropic method,95 in order to reduce the
steric hindrance by replacing the benzyl group by the less bulky n-propyl
group. This iIliine was then treated with acrylonitrile in boiling methanol.
After aqueous hydrolysis and purification using flash chromatography,117
lliainly unchanged 2-(2-eyanoethyl)cyclohexanone (112) was recovered,
together with sl11a11 amounts of approxilnately equal proportions of
2,6-bis(2-eyanoethy1)cyclohexanone (109) (5%) and 2,2-bis(2-eyanoethyl)-
cyclohexanone (114) (6%). The fornler was identical with that previously
prepared. The latter C0111pound was identified from both analytical and
spectral data. It was clear frOll1 the 13C-nmr spectrum that the C-2 signal
was now a singlet (oe 49,S), and no trace of the C-2 doublet of the
2,6-disubstituted COl11pound (109) could be detected.
However, when the propylanline imine of 2-(2-eyanoethyl)cyclohexanone
(113) was treated with methyl acrylate under reflux, after hydrolysis and
the usual hydrolytic work-up and flash chromatography, the product was
2-(2-eyanoethyl)-2-[2-(methoxycarbonyl)ethyl]cyclohexanone (115),
obtained as an oil in a 43% yield, together with some unchanged
2-(2-eyanoethy1) cyclohexanone (112).
This showed that the more substituted enamine tautomer of imine (113) is
the favoured enamine taut0111er, since no 2,6-disubstituted analogue of (115)
was isolated. The differences in yields and product/s obtained for the
alkylations set out in Sche'rne 21 lliay be ascribed to the greater polarity of
methyl acrylate over acrylonHrile. Methyl acrylate was thus able to
overcome the steric impedinlent of the cyanoethyl group at C-2 of the more
substituted enamine taut0111er of imine (113) to give only (115). This
molecule (115) showed absorptions in the infra-red at 2230 and 1744 cm-1
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which correspond to the nitrile and ester side--<::hains and the cyclohexanone
carbonyl (1710 crn-1). The proton nmr spectrum showed a methylene
envelope between b 1,6 and 2,6 (16 H) and the singlet methoxy methyl at
b3,66. The 13C-nnlr spectrum showed: the luethoxy quartet at be 51,3; the
nitrile carbon. as a singlet at be 119,4.; the cyclohexanone ring and ester
side-chah1 carbonyls at be 212,6 and 172,8 respectively, and a singlet due to
C-2 at be 49,9. The analytical and accurate mass measurements were














The explanation which we offer for these results is summarised in Scheme
22. Initial reaction at C-2 of the secondary enamine tautomer (117) occurs
in each case to give the Inono-alkylated imine (118) in equilibrium.with the
secondary enan1ine tautolner (fI9).
Now however further reaction at C-2 is ilnpeded by the cyanoethyl group,
which can plausibly be expected to exert a greater steric impediment to
reaction than the methyl group in the corresponding reaction of
2-methylcyclohexanone in1ines. 89 Using more forcing conditions (i.e. neat
.acrylonitrile at 100 - 130 0 C),77 rea.ction is likely to occur at the less
sterically hindered C--i3 position to gi ve 109 after hydrolysis. The change to
the propylamine ilnine from the benzylalnine in1ine, may have reduced the
steric interactions with the approaching electrophile sufficiently to allow
some bonding to occur at the 2-posi tion as well.
(i) ~C02Me
MeOH; Heat )





















~ (ii) H20; Heat
No reaction
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For the reaction between N-(cyclohexylidene)benzylamine and methyl
acrylate, it was hoped that, since methyl acrylate could substitute the
2-(2-eyanoethyl)cyclohexanone at C-2, it might be able to di-alkylate this
cyclohexanone ilnine at the 2-position. The reaction was carried out several
tilnes using different nU1l1bcrs of equivalents of methyl acrylate in methanol
at reaction tin1es of 3 and 21 hours and also in acetonitrile using 5
equivalents of Inethyl acrylate. In every case, the only product obtained was
2,2-bis-[2-1nethoxycarbonylct.hyl]cyclohexanone (121). In the first reaction
2 equivalents of Inethyl acrylate with N-eyclohexylidene-benzylamine (2 M)
in 11 super-dry 11 nl~thanol were heated under reflux for 3 hours. After
hydrolysis under reflux with water and the usual hydrolytic work-up, the
residue was subjected to flash chromatography which gave an oil (30 %)
which was shown to be 2,2-bis-[2-111ethoxycarbonylethyl]cyclohexanone
(121). When the reaction was repeated using 4 equivalents of methyl
acrylate in 111ethanol at the sa1l1e in1ine concentration, after the usual
hydrolysis, extraction, hydrolytic work-up, fractional vacuum distillation
and column chrolnatography, the yield was marginally increased to 35%.
The reaction was repeated t\\!ice using 6 equivalents of methyl acrylate in
both instances, again at the same imine concentration in methanol under
reflux for 21 hours, but the yields rell1ained low (40 and 36% respectively) at
these concentra.tions and reaction times.
In view of the previous finding that propyla1l1ine is less of a steric
impedilnent to the alkylation of the propylamine imine of 2-(2-eyano-
ethyl)cyclohexanone with acrylonitrile, it was decided to attempt the
alkylation of N-eyclohexylidenepropylamine with methyl acrylate
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(5 equivalents). The solvent was changed to dry acetonitrile and
4-dimethylalninopyridine (1 equivalent) was added in an attempt to
ilnprove the yield of the reaction by catalyzing the imine-€namine
interconversion . A drall1atic increase in, the yield of 2,2-bis-[2-
lllethoxycarbonylethyl]cyclohexanone (121) resulted. After the usual
work-up, described in the experimental section of this chapter, the crude
product was fractionally vaeUUlll distilled to give 15,03 g (77%). The
infra-red spectrUlTI showed the side~hain ester carbonyls and the
cyclohexanone carbonyl absorptions at 1744 and 1709 cm-1 respectively. The
proton nn11" spectrun1 showed 16 hydrogens in the methylene erivelope
between D1,6 and 2,5; and the singlet methoxy methyl groups (6H; D3,52).
The 13C nn1r spectrul11 showed the methoxy methyl quartet at D50,7; the
ester carbonyls (Dc 172,8); the ring carbonyl (Dc 212,6) and the singlet
(Dc 49,2) for C-2 of the cyclohexanone ring, showing categorically that
2,2-bis-disubstitution had taken place. The analysis was consistent with the
proposed structure. Further, the 2,6-bis-[2-methoxycarbonylethyl]-




diethyl ester. This was a crystalline compound with a melting point of 82,5 -
83,0° C. The 13C nlm spectru1l1 showed the doublets at the 2- and 6-
positions of the cyclohexanone ring (Dc 49,9) which clearly differentiates the
2,6-bis~ompound froln the 2,2-bis~ompound described. Other spectral
data are provided in the experilnental section for the 2,6-bis-[2-
methoxycarbonylethyl]cyclohexanone [(121(b)].
The reaction of Inethyl crotonate with imine 111 proved fruitless and no
alkylated product was recovered after hydrolysis of the reaction mixture and
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hydrolytic work-up. This result is not surprising because of the reduced
reactivity arising from the hyperconjugative effect and steric impedilnent of
the methyl group. The electron donating ability of a methyl group under
these conditions will have reduced the positive charge on the carbon of the
double bond fuithest from the ester moiety to the extent that it was no
longer able to undergo a bonding interaction frorn sufficient distance to
11linilnize developing stedc interactions. It has already been shown that
acrylonitrile is not as effective at 2,2-bis-alkylating as is methyl acrylate,
and this is no doubt due to the in"creased electron withdrawing effect of the'
Inethyl ester cOlllpared to the nitrile group. The greater electrophilicity of
11lethyl acrylate over acrylonitrile follows froIn the fact that reaction with a
nucleophile (Nu) produces an anionic centre (Nu-CH2CH-Z) adjacent to
the electron withdrawing group (Z), and it has been shown that the anion
stabilising ability of such groups decreases in the order: S02 > C02R > CN
> CONH2.119 The greater reactivity means that the transition state for the
alkylation will be 11lore reactant-like in nature, and the bonding interaction
will commence at greater interatomic distances. This decreases the influence
of steric effects and, despite the greater steric impediment of the
,B-methoxycarbonylethyl group attached at C-2 initially, a second molecule
is able also to attack at C-2.
Pearson's 118 anion stabilising sequence suggests that vinyl sulphones should
be even more reactive than vinyl esters and so phenyl vinyl sulphone should
also give the 2,2-bis-dialkylated cyclohexanone. This was confirmed in the
reaction between N-{:yclohexylidenecyclohexylamine and phenyl vinyl
sulphone in methanol at the boil (4 hours). Subsequent aqueous hydrolysis
and the usual hydrolytic work-up" gave, in fairly good yield (48%),
2,2-bis[(2-phenylsulphonyl)ethyl]cyclohexanone 124. The proton nmr
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spectrum shows 16 protons within the methylene envelope (81,2 - 3,1); and
the benzene ring protons (10 H) appear between 87,4 and 7,9. Again the
most ilnportant infoflnation gleaned from the i3C hmr is the C-2 singlet
(8 49,4) which shDws that 2,2-bis-<iialkylation has occurred. The analysis
was consistent with q1e Inolecular formula for this compound.
It has already been shown that n1ethyl acrylate can alkylate the imine of
2-(2-eyanoethyl)cyclohexanone at C-2, whereas acrylonitrile could do so
only if the amine Inoiety was not very bulky, and even then the yields were
low and the regioselectivity poor.
Following this line of reasoning, it was expected that acrylamide would only
. react once at C-2 of the cyclohexanone iInine. This was confirmed, but the
initial alkylatio~ product could not be isolated since it cyclised to give
2-{)xo-~4a'8<l-{)ctahydroquinoline (123). The infra-red spectrum showed
the amide carbonyl absorption at 1670 cn1-i and the expected NH
absorptions in the region 3100 - 3200 cln-i. Further, there was no
cyclohexanone carbonyl absorption around 1710 cn1-i. The proton nmr
spectrum proved that it was the ~4a( Sa) -isomer because it showed no
olefinic signals, however, the i3C nmr spectrum showed the olefinic signals
at 8 109,3 and 128,2 respectively; and the amide carbonyl singlet appeared
at 8 171,6. Both accurate mass measurement and analysis were unequivocal
for the proposed molecular formula for the compound.
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Two further aspects of the 2,2-alkylation of cyclohexanone still needed to be
examined, viz.:
(1) whether a larger substituent, such as a benzyl group at the 2-position
of the cyclohexanone ilnine would provide a sufficient steric.
impediment to prevent alkylation with methyl acrylate taking place
at the mono-substituted 2-position; and
(2) if the benzyl group failed to prevent alkylation at the 2-position of
2-benzylcyclohexanone i111ine, this may have been due to the fact
that the cyclohexanone ring was able to adopt a number of different
conformations. If this were the case, then the ring could be fixed into
a chair confonnation with a tertiary-butyl group at the 4-position of
the 2-benzylcyclohexanone i111ine (132; 133: Scheme 25). The
combined effect of these two bulky substituents could have the effect
of ~aintaining the ring rigid in the chair conformation since the
t-butyl group would adopt an equatorial orientation because of its
bulk and it was also likely that the 2-benzyl group would also be
preferentially equatorial if the 2-benzyl--4-t-butylcyclohexanone

















128 (R = CH3CII2CH2-
SCHEME 24
Following Stork's ll1ethod,3 the pyrrolidine enamine of cyclohexanone was
alkylated using benzyl brolTIide in dry dioxane under reflux for 12 hours,
prior to the hydrolysis with water under reflux for a further 3 hours. After
the usual hydrolytic work-up, the crude product was fractionally vacuum
distilled to give a good yield (76 %; 21,43 g). (A repeat preparation gave a
yield of 70 %).
The proton nlm spectrum showed a complex methylene envelope (b 1,2 -
2,7; 10H), a multiplet at b 3,22 (lH) and the aromatic protons (8 7,12; s;
5 H).
The infra-red spectrUlTI showed the ring carbonyl absorption at 1708 cm-i
and the arolTIatic absorptions above 3000 cm-i.
All the spectral data were consistent with the structure for 2-benzylcyclo-
hexanone.
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The benzylamine inline of 2-benzylcyclohexanone, N-(2-benzylcyclo-
hexylidene)benzylallline (127) was prepared using the TiC14 method 6f
Carlson and Nilsson 117 giving a yield of 72% by CGC.
The infra-red spectrtllll showed the C==N absorption at 1652 cm~l
The protoil nmr spectrum showed two benzene rings at {; 7,19 and 7,09
respectively. The forn1er signal corresponds to Ph-CH2-N and the latter to
the 2-benzyl phenyl group by comparison to the propylaluine imine (128)
which shows the benzyl phenyl at {; 7,10.
The benzylamine CH2 signal appears as a 2 proton singlet at {; 4,57 and the
remaining 11 protons between {; 1,2 and 4,3. as a complex methylene/
nlethine envelope.
Finally, the accurate mass measurement for imine 127 was consistent with
the proposed fonnula.
Imine 127 was treated with methyl acrylate in "super-dry" methanol for
4 hours and after aqueous hydrolysis and the usual hydrolytic work-up gave
an oil which was subjected to flash chromatography on a glass column
containing silica gel (Merck Art.: 9385) using 10% ethyl acetate in hexane as
eluant.
Combination of the fractions on the basis of TLC yielded two main
components, the first having an Rf of 0,36 (0,53 g) which proved to be
starting ketone (126) and the secon~ with R
f
O,18 (1,33 g; 54%) which was
shown to be the desired 2-benzyl-2-[(2-methoxycarbonyl)ethyl]cyclohexan-
one (129).
The accurate mass n1easurement is consistent with the proposed structure
and the proton nmr spectrum clearly shows the benzyl phenyl group ({; 7,07 -
7,32; c.m.; 5 H), the singlet methoxy methyl ({; 3,66; 3H), the benzyl
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methylene protons as a singlet at 82,88 (2 H). The infra-red spectrum
shows the cyclohexanone carbonyl at 1710 C111-i and the ester carbonyl at
1745 cm-i.
In an atten1pt to htlprove the yield, it was decided to try to prepare the
propyla111ine i111ine (128) of 2-benzylcyclohexanone (126). To our surprise,
the preparation via the usual azeotropic method failed.
At the ti111e the author thought that the benzyl group at the 2-position of
the cyclohexanone was providing too great a steric impediment for the
for111ation of the i1nine. Changing the solvent from benzene to toluene (to
increase the te111perature) also met with no success.
It was only very 111uch later that this proble111 was solved. The boiling point
of the propylamine is so low that if the volume of benzene or toluene is too
small, only the propylamine will reflux and not the solvent being used to
azeotropically ren10ve the water. The author found that if no water was
liberated azeotropically into the Dean and Stark apparatus, the addition of
an increased volume, of whatever solvent was being used, often solved the
problem, especially when no real reasons could be found for the
non-formation of the in1ine.
In this case, the i111ine was prepared very easily via' the TiCl4 method of
Carlson and Nilsso'n, 117 as with the previous imine (127). After filtration
through dried kieselguhr and evaporation of the solvents, the N-(2-benzyl-
cyclohexylidene)propylamine (128) w~s considered sufficiently pure to be
used without distillation.'
124
(Another advantage of the use of propylamine, besides its smaller steric
bulk, is that, con1pared to benzylamine, it is very easy to remove under
vacuum).
The infra-red spectrum of ilnine (128) showed the C=N absorption at
1652 cln-1 and the proton spectrUlTI showed the terminal" methyl of the
N-propyl group as a triplet (80,90; 3 H; J = 9 Hz). The methylene closest"
to the inune nitrogen appeared as a quartet (8 3,17; 2H; J = 9 Hz); and the
phenyl group (87,1; 5 H) which was used to estimate the number of protons
under the methylene / methine envelope (13H; 8 1,1 - 2,9).
Finally, the accurate mass Ineasurement was consistent with the structure
proposed for the in1ine (128).
Imine (128) was treated with 111ethyl acrylate (5 equivalents) in "super-dry"
methanol under reflux for 4 hours. After the usual hydrolysis and hydrolytic
work-up an oil (7,57 g) was obtained. This oil was shown to be identical
with that obtained from the benzylamine imine of 2-benzylcyclohexanone
(127) by TLC. \iVhen chrolnatographed in 10% ethyl acetate in hexane, two
spots were obtained, one (Rf 0,15) being starting ketone and the other (Rf
0,33) being 2-benzyl-2-[2-n1ethoxycarbonylethyl]cyclohexanone (5,84 g;
61 %).
(i) Ph~Cl












133 (R = CII 3CII 2CIh-
SCHEME 25
In an attempt to determine whether the flexibility of the ring was related to
the formation of the alkyla.ted product, the pyrrolidine enamine of
4-t-butylcyclohexanone (130) was prepared by a literature method,3 and
this was alkylated as described by Stork3 using benzyl chloride in
"super-dry" lTIethanol. After aqueous hydrolysis of the product, the usual
hydrolytic work-up, and fractional vaCUUlll distillation, the yield of
2-benzyl-4-t-butylcyclohexa.none (131) was 99% (29,4 g), if the recovered
starting ketone was taken into account. The proton nmr spectrum was
consistent with 2-benzyl-4-t-butyl~yclohexanone (131) with five benzene
protons (8 7,15); the three Inethyl groups of the t-butyl group (8 0,84) and
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10 protons in the methylene/1TIethine envelope (8 1,1 - 3,4).
This structure is a ring which has two equatorial groups, effectively holding
the ring in the chair confornlation.
Thebenzylanline' ill1ine, N-(-2-benzyl-4-t-butylcyclohexylidene)-
benzylallline (132) was prep(Hcd via both the azeotropic and TiCl4 methods,
the structure being confirnled' by both spectroscopic and accurate lllass
lTIeaSUrement. Imine (132) was then treated with methyl acrylate in
"super-dry" methanol, under reflux for 4 hours. After aqueous hydrolysis
and the usual hydrolytic work-up, an oil (6,01 g) was obtained. A portion
(2,40 g) was purified on thin layer TLC plates (Merck Art.: 5745) using 10
% ethyl acetate in hexane as eluant. The bands were visualised under
ultra-violet light and on this basis the plates were separated into nine
bands. After extraction, the fractions were combined on the basis of TLC.
The major fraction (1,13 g; 39%) was shown to be 2-benzyl-4-t-butyl-2-
[2-methoxycarbonylethyl]cyclohexanone (134) using both accurate mass
measurement and spectral data, obtained as a ll1ixture of geometric isomers.
The proton nllli spectrull1 showed three of the sets of peaks to be "twinned":
the phenyl group (87,16 and 7,12), the lTIethoxy methyl (8 3,64 and 3,58)
and the t-butyl group lTIethyls (8 0,91 and 0,84). The ratio of the peak
hejghts is of the order of 4: 1. The phenyl group appeared as a' broad singlet
at 8 7,18 (5 H), the lllethoxy singlet at 8 3,64 (3H; s), a broad
methylene/methine envelope (8 1,1 - 3,1; 13 H) and the t-butyl methyl
groups at 80,82 (9 H; s). [Only the chemical shift of the major isomeric form
is given for these assignments.]
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The 13C lUll' spectrum showed the keto~arbonyl at be 213,9 and the ester
carbonyl at be 173,3; and the inlportant C-2 singlet appears at be 27,1. The
renlainder of the assignment is given in the experimental section.
Thus it has been ShOW~l that despite the rigidity of the ring owing to the
4-t-butyl group,' alkylation at. the singly substituted 2-position of the
cyclohexanone ring still occurs with methyl acrylate.
CONCLUSION:
I t has been shovnl that the ease of 2,2-bis-alkylation of cyclohexanone
inline depends upon the· anion stabilising power of the electrophilic group in
the electrophi lie alkene, and that methyl acrylate and phenyl vinyl sulphone
are capable of fonning the 2,2-bis cyclohexanones, whereas acrylonitrile and
acrylanlide have only the potential for Illono-alkylation under the
conditions described. Further H was shown that phenyl vinyl sulphoxide and
Inethyl crotonate VI'Tere unable to alkylate the inlines of cyclohexanone under
the conditions used for the other alkylations.
In an attelnpt to evaluate the effect of other substituents present at C-2 of
cyclohexanone on the alkylation of inlines forllled from them it has been
shown that the in1ines of 2-benzylcyclohexanone lnay be alkylated using
l1lethyl acrylate, and presull1ably plienyl vinyl sulphone, at C-2 despite the
bulk of the benzyl group. The same alkylation was observed when the
rigidity of the ring was 'fixed by placing a t-butyl group at C-4 of
2-benzylcyclohexanone, which shows that the rigidity of the ring does not
affect the alkylation.
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Further investigations in this area should include the following:
(1) An atten1pt should be made to alkylate N-(2-benzyl-4-t-butyl-
cyclohexylidene) propylamine with acrylonitrile in order to determine
whether the analogous con1pound to 134 is forn1ed.
(2) The steric irnpediment of the substituent at C-2 of cyclohexanone
should be increased in order to determine the nature of the
in1pedilnent required to prevent alkylation at C-2 of cyclohexanone.
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. 4.2.2 EXPERIMENTAL
4.2.2.1 Preparation of imines
. Preparation of N--{cyc1ohexylidene)cyclohexylaTlline (108)
Cyclohexanone (60,00 g; 0,61 mol), cyclohexylamine (69,72 g; 0,70 mol),
toluene-4-sulphonic acid (p-TSA) (0,1 g) and dry benzene were heated
under reflux using a Dean and Stark water separator until the calculated
quantity of water had been liberated, whereupon the benzene was removed
on a rotary evaporator. The residue was fractionally distilled under vacuum
to give one fraction (102,66 g; 94 %).
108
Boiling point: 74-78 0 C/O,07 mmHg
(Lit.: 77 88 0 C/O,9 mmHg)













Preparation of N:=(cyclohexylidene)benzylamine (111)120
The usual method95 of preparation of in1ines using benzene failed to give the
desired in1ine, and it was dedded to attelTIpt the method of Beydatsch
et ap'20
Cyclohexanone (49,05 g; 0,500 n101), benzylamine (53,58 g; 0,500 mol),
4-toluenesulphonic add (0,20 g) and dry pentane (500 ml) were heated
under reflux under a Dean and Stark water separator. Only 3 of the required
9 ml of water separated after 2,5 h, whereupon the pentane was removed on
a rotary evaporator and the residue fractionally distilled under VaCUUlTI. The
first three fractions showed no ilnine absorption in the infra-red, but the






100 0 Cl 0,23 mmHg










6H, m, 3 x CH2
4H, In, 2 x CH2
2H, s, CH2-N
5H, s, Ph-
In papers by Ninoniya et al. 121 ,122 it was noted that they had not employed
toluene-4-sulphonic acid. In the fonner paper, benzene was the solvent and
the the la.tter, toluene and the yield in both cases was 84 %, so it was
decided to repeat the reaction without using the toluene-4-sulphonic acid.
Cyclohexanone (24,00 g; 0,245 n101), benzylamine (27,50 g; 0,257 mol) in dry
benzene (200 m1) were heated under reflux under a Dean and Stark head for
24 hours. (It was noted that an exothermic reaction occurred when the
benzylaInine was added to the cyclohexanone and when the benzene was
added the reaction n1ixture went cloudy, something not observed when the
ketone was 2-methylcyclohexanone). The benzene was ren10ved on a rotary
evaporator and the residue fractionally distilled under vacuum to give an oil
(33,5 g; 73%) which was shown to be N-(cyclohexylidene) benzylamine.
A small quantity of benzylamine (1,00 g) was recovered in the first fraction.
Boiling point:
Lit.: 121
96,8 - 98 0 Cl 0,12 mmHg
124 - 132 0 Cl 4 mmHg
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The imine was identical with the one first prepared. It would seem that the
toluene-4-sulphonic acid is not required for the reaction in this case and -
Inay catalyse S0111e fonn of cyclisation as previously hypothesized when
considering the low yields experienced with the alkylation of the imines of
2-methylcyclohexanone. This could have accounted for the low yield in the
first preparation.
Preparation of N-[2=!2~yanoetbyl)cyclobexylidene]propylarrllne(113)
A solution of 2-(2-eyanoethyl)cyclohexanone (10,0 g; 66 Inmol),
propylamine (4,31 g; 73 mmol), and toluene-4-sulphonic acid (0,1 g) in
benzene (50 ml) was heated under reflux under a Dean and Stark head for
8 h. Removal of the solvent under vacuum and distillation of the residue
gave N- [2- (2-cyanoethyl)cyclohexylidenejpropylamine (10,3 g; 81 %).
Boiling point: 101 - 102 0 C/O,07 mmHg














3H, t, J = 6,2 Hz; ClIs
15H, methylene envelope





13C NMR: {; (CDC13) ppm
C-1 171,4 s C-1' 51,7 t
C-2 48,5 d C-2' 274* t,
C-3 34,7 t C-3' 11,9 q
C-4 24,2 t C-1" 25,2 t
C-5 28 2* t C-2" 15,1 t,
C-6 28 5* t C-3" 120,3 s,
* = interchangeable
Analysis and Accurate Mass Measurement:
Found: N,9,16% M+, 192,1625
N, 9,26%; M+, 192,1626
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, Preparation of N-eyclohexylidenepropylamine (122)
A solution of cyclohexanone (63,33 g; 680 111mol), prop'ylamine (43,94 g; 740
m1l1ol, and toluene-4-sulphonic acid (0,25 g) in benzene (100. ml) was
. heated under reflux under a Dean and Stark head for 8 h. The solvent was
removed under vacuum and' the residual oil distilled to give
N-(cyclohexylidene) propylan1ine (29,8 g; 31 %).
Boiling point: 34 - 36 0 C/O,17 111111Hg















3H, t, J 7,2 Hz, CH3
8H, IU, 4 x CII2
4H, IU, 2 x CII2
2H, t, J 6,9 Hz, CH2CN
C-1 170,7 s C-1' 51,1 t
C-2 25,2 t C-2' 25,2 t




Preparation of N-={2-benzylcyclohexylidene)benzylarrilne (127)
Titanium tetrachloride (5 ml; 45 mmol) in cold dry hexane "(50 illl) was
added dropwise over a period of 1 hour into a solution of benzylamine
(32,15 g; 300 illill0l) in hexane (400 illl; 0° C) contained in a three-necked
flask fitted with a stirrer and under a positive pressure of dry nitrogen.
2-Benzylcyclohexanone (9,40 g; 50 mInol) was added in a single aliquot to
the TiC14-benzylan1ine complex and the Il1ixture stirred for 4 hours at room
temperature and then filtered through dry kieselguhr on a sintered glass
funnel (porosity 4A) to reillove the precipitated Ti02. The hexane was then
reInoved on a rotary evaporator and the residue pUInped under vaCUUill for 6
hours in an attenlpt to reInove as much of the benzylamine as possible. The
residue was not distilled for fear of decomposition but was assumed to be
100 % pure, CGC revealing that only trace iInpurities were present and that
the major component (98 % using the total integral) was N-(2-benzyl-
cyclohexylidene)benzylamine (13,02 g; 94%)." This was used without further
purification.
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Preparation of N=!2-benzylcyclohexylidene)propylamjne (128)
Propylamine (9,43 g; 0,160 mol), 2-benzylcyclohexanone (20,00 g;
0,106 mol), toluene-4-sulphonic acid (0,1 g) in dry benzene (50 ml) were
heated under reflux under a Dean and Stark head, but no water was
azeotroped off. The reaction was repeated using the salne quantities except
that the benzene was replaced by toluene, but again no water was liberated
into the Dean and Stark trap. It was decided to use the TiCl4 method to
prepare this ilnine.
Titanium tetrachloride (5 ml; 45 lllmol) in cold dry hexane (50 llll) was
added dropwise to a solution of propylallline (19,18 g; 300 mlnol) in dry
hexane (400 1nl) at 0° C with stirring and under a positive pressure of dry
nitrogen. 2-Benzylcyclohexanone (9,40 g; 50 mmol) was added to this
reaction mixture in one portion and the solution stirred at rOOlll
temperature for 2,5 hours prior to filtration through dry kieselguhr on a
sintered glass funnel (porosity 4A). The hexane was then removed on a
rotary evaporator and the residue pUlnped under vacuum to remove any
residual propylallline. CGC indicated that the imine was of high purity
(97% based on the total integral) and so it was decided to use it without
distillation. The oil (8,93 g; 78 %) was AT- (2-benzylcyclohexylidene)-
propylamine (128).












3H, t, J = 7,6 Hz, Me
13H, c, Inethylene/methine envelope
5H, s, Ph.
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13C NMR: 8 (CDC13) ppn1
C-1 172,6 s C-4' 127,9 d
C-2 49,1 d C-5' 129,1 d
C--4 24,3 t C-3" 11,9 q
C-l' 51,8 t 37,4 t
C-2' 141,5 s 32,8 t









Preparation of N=(2-benzyl-4-t-butylcyclohexylidene)benzylamine (132)
Titanium tetrachloride (2,7 1nl; 0,0245 mol) in cold, dry hexane (25 ml). was
added slowly to a solution of benzylamine (17,76 g; 0,1660 mol) in dry
hexane (250 ml; 0° C) with stirring and under a positive pressure of dry
nitrogen. 2-Benzyl-4-t-butylcyclohexanone (6,75 g; 0,0277 mol) was added
in one portion to this rea.ction 111ixture which was allowed to stir at r00111
te111perature for 3 hours. The 111jxture was filtered through dry kieselguhr
contained in a sintered glass funnel (porosity 4A) prior to the removal of the
hexane on a rotary evapora.tor. The ilnine was assumed to be 100 % pure
and was used without further pudfjcation.














Preparation of N::{2-benzyl-4-t-butylcyclohexylidene)propylamine (133)
Titanium tetrachloride (3 ml; 26 mmol) in cold hexane (28 ml) was added
dropwise to a solution of propylamine (10,17 g; 0,172 mol) in cold hexane
(250 ml; 0 0 C) and then 2-benzyl-4-t-butylcyclohexanone (7,00 g;
29 Inmol) was added in one portion to the reaction vessel with stirring and
under a positive pressure of dry nitrogen. After stirring for 3 hours the
reaction mixture was filtered through dry kieselguhr contained on a sintered
glass funnel (4A). The hexane and propylamine were removed on a rotary
evaporator to give an oil (7,28 g) which was shown by CGC to be 98 %
pure. The oil was shown to be N-(2-benzyl-4-t-butylcyclohexylidene)-
propylalnine (133) (7,13 g; 85 %)














4.2.2.2 Preparation of enamines
Preparation of the pyrrolidine enamine of cyclohexanone (125)
This enaluine was prepared using the method of Stork.3
Cyclohexanone (50,00 g; 0,510 luol), pyrrolidine (54,32 g;. 0,765' mol),
toluene--4-sulphonic acid (0,13 g) in dry benzene (150 ml) were heated
under reflux using a Dean and Stark head until the required amount of was
had been liberated. After reluoval of the benzene, the oil was fractionally
vacuun1 distilled to give three fractions, all of which proved to be" the
desired enan1ine (125) (71,71 g;93 %). A repeat preparation using the san1e
quantities gave 69,84 g (91 %).
Boiling point: 58 - 66 0 C / 0,03 111mHg
IR: Vmax (fihn) cln-1
1 642 C=C
141
Preparation of the pyrrolidine enarmne of 4-t-butylcyclohexanone (130)
This enamine was prepared following the me'thod of Firrell. 96
4-Tertiary-butylcyclohexanone (49,26 g; 0,3 mol), pyrrolidine (23,43 g;
0,33 mol), and toluene-4-sulphonic acid (0,18 g) in dry benzene (100 ml)
were heated under reflux using a Dean and Stark head until the desired
quantity of water hacl been liberated (15,5 hours). Removal of the solvent on
a rotary evaporator and fractional vacuum distillation gave the desired




121 0 Cl 1,3 mmHg
90 - 92 0 C I 33 Nln-1 (= 0,24 mn1Hg)
142
4.2.2.3 Alkylation of imines: General method.
The electrophilic alkene was added to the ilnine (in the molecular
proportions indicat~d) in super-dry90 methanol or dry acetonitril~, and the
'solution heated under reflux for the time indicated.
Hydrolysis of the 111ixture was effected by the addition of water (10 - 20 1nl)
and heating under reflux for 1 h.
The solvent was then removed on a rotary evaporator and the residue
extracted with ether.
The ethereal layer was washed with hydrochloric acid (2 M), water, satd.
a.q. sodium hydrogen carbonate, satd. aq. sodium chloride and finally dried
over anhydrous l11agnesium sulphate.
Filtration and evaporation of the ether gave the crude product, which was
purified by vaCUU1l1 distillation and/or flash chrOlnatography.118
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Reaction between neat acrylonitrile and N=!cyclohexylidene)cyclo-
hexylarnine (108) (Scheme 20)
N-( Cyclohexylidene)cyclohexyla111ine (108) (34,94 g; 195 mmol) was placed
in a flask, fitted with an efficient condenser and a Teflon-{:oated magnetic
stirrer bar, was positioned in an oil bath (100 0 C).
Acrylonitrile (20,69 g; 390 mn101) and hydroquinone (0,25g) were placed in a
pressure equalising dropping funnel and the Inixture added dropwise to the
ilnine over a period of one hour \vith vigorous stirring.
The temperature of the oil bath was then raised to 130 0 C which was
ll1ain.tained for a further 2 hours. \Vater (20 ml) was added and the Inixture
heated under reflux for a further hour. Removal of the solvent on a rotary
evaporator gave an oil (55,12 g) a portion (29,98 g) of which was subjected
to fractional distillation under VaCUU111. Three fractions were obtained: the
first (0,41 g; BP 86 - 94 0 C/0,21 ImnHg) was cyclohexylamine; the second
fraction (1'0.9 g; BP 94 - 97 0 C) was a mixture of -(2-{:yanoethyl)cyclo-
hexylamine and 2,6-bis-(2-{:yanoethyl)cyclohexanone and the third fraction
was the 2,6-bis-(2-{:yanoetbyl)cyclohexanone (3,31 g; BP 89 - 106 0 C /
0,17 mmHg).









13C NMR: 8 (CDC13) pplTI
C-1 211,2 s C-1' 14,7 t
C-2 49,0 d C-2' 25,1 t










Preparation of authentic 2=!2-eyanoethyl)cyclohexanone (112)3
1-Pyrrolidinylcyclohexene (80 g; 0,53 11101), acrylonitrile (35,5 g; 0,67 1TIol)
were heated under reflux in dioxane (200 ml) for '12 hours under a Dean and
Stark water separator. Water (10 1nl) was added and the mixture.heated
under reflux for a. further hour. After the usual extraction and aqueous
work-up an oil (6 L1,03 g) was obtained which was fractionally distilled under
vacuum to give two fractions with fairly similar boiling points. Both
fractions were c01nbined on the basis of spectral evidence to .give
2-(2-eyanoethyl)cyclohexanone (112 A) (54,88 g; 69 %).
Boiling point: 11 2,.s - 116 0 Cl 0,59 1TIlnHg
141 - 145 0 Cl 10 mmHg







13C NMR: 8 (CD Cb) .pp111
C-1 211,3 s C-1' 25,4 t
C-2 48 7 d C-2' 14,8 t





Preparation of authentic 2,6-bis={2-eyanoethyl)cyclohexanone (109 A)3
1-Pyrrolidinylcyclohexene (11,03 g; 73 mmol), acrylonitrile (11,61 g;
0,219 mol) in "super-dry" methanol were heated under reflux for 4 hours.
After the usual aqueous hydrolysis and hydrolytic work-up, an oil (12,64 g)
was obtained. A portion of this (11,99 g) was diluted with diethyl ether
(ether) (30 1111) and then subjected to flash chroluatographyl18 using a
n1ixture of ethyl acetate, pet. ether (40-60), and dichloromethane (6.50 and
50 ml respectively) as eluant, taking 50 x 30 ml fractions. The component
with Rf 0,82 proved to be the 2,6-bis(2-eyanoethyl)cyclohexanone (109 A;
A = authentic) (7,72 g; 54 %).
IR: Vmax (film) ClU-1
2 228 C=N
1 708 C=O






Analysis and Accurate Mass Measurement:
Found: C: 70,26; H: 8,05; N: 13,56 %




Preparation of authentic 2,6-biR[2-methoxycarbonylethyl]cyclohexanone
Using the method of Stork3 for the preparation of d~ethyl cyclohexanone-
2,6-dipropionate, the dimethyl analogue was prepared usin.g methyl
acrylate.
I-Pyrrolidinylcyclohexene (125) (10,00 g; 66 mmol), methyl acrylate
(17,09 g; 199 nllllol; 3 eq.) jn "super-dry" n1ethanol (50 llll) was heated
under reflux for 4 hours. After the usual aqueous hydrolysis, hydrolytic
work-up and renloval of the solvent on a rotary evaporator, a pale pink
crystalline COll1pound (15,91 g) remained. This was recrystallised frolll
diethyl ether/hexane to gjve colourless crystals (10,54 g; 59 %)
Melting Point: 52,5 - 83,0 0 C
IR: Vmax (fHnl) C111-1
1 692 C=O
1 738 1Ie-O-C=O










13c NMR: 8 (CDC13) ppn1
C-l 212,3 s C-l' 24,4 t
C-2 49,9 cl C-2' 31,4 t
C-3 35,2 t C-3' 173,8 s
C-4 2.5,2 t C-4' 51,2 q
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Reaction of acrylonitrile with N--{cyclohexylidene)benzylarnjne in methanol.
Acrylonitrile (13,6 g; 260 mmol), N-(cyclohexylidene)benzylamine (8,0 g;
43 mmol), and methanol (20 1111) were heated under reflux for 21 h.
Distillation gave only the lTIono-alkylated product, 2-(2-eyanoethyl)-
cyclohexanone (112) (1,98 g; 31%), which was identical with authentic
material obtained by alkylation of I-pyrrolidinylcyclohexene.
Boiling point: 112 - 11.5 C/O,6 mmHg





1,4 - 2,6 11ethylenejMethin.e envelope
3'
C=N
13C NMR: 8 (CDC13) ppm
C-l 210,9 s C-l' 25,0 t
C-2 48,2 d C-2' 14,4 t





Reaction between acrylonitrile and N-[2::(2---eyanoethyl)cyclohexylidenel-
propylamine in methanoL
Acrylonitrile (2,76 g; 52 Inn1ol), N-[2-(2-eyanoethyl)cyclohexylidene]-
propylalnine (5,0 g; 26 mmol), and methanol (20 ml) were heated under
reflux for 4 h. Flash chrolnatography of the crude product [hexane -
dichlorolnethane - ethyl acetate (50:50:9)] gave unchanged 2-(2-eyano-
ethyl)cyclohexanone (112) (1,51 g), 2,6-bis(2---eyanoethyl)cyclohexanone
(109) (0,29 g; 5%) which was identical with authentic Inateria13 prepared by
the alkylation of 1-N-pyrrolidinylcyclohexene, and 2,2-bis(2-cyanoethyl)-
cyclohexanone (114) (0,31 g; 6%).
2,6-bis(2---eyanoethyl)cyclohexanone (109)







1,3 - 2,6 Methylene/methine envelope
13C NMR: 8 (CDC13) ppm
C-1 210,8 s C-1' 14,2 t
C-2 48,5 d C-2' 24,6 t



















111 NMR: b (CDC13) ppm
1,7-2,4 Methylene envelope
13C NMR: b (CDC13) ppn1
C-l 211,9 s C-l' 11,4 t
C-2 49,8 s C-2' 29,5 t














Reaction of methyl acrylate with N--{2-eyanoethylcyclohexylidene)propyl-
amine in methanol
~1ethyl acrylate. (4,44 g; 52 mmol) and N-[2-(2-eyanoethyl)cyclo-
hexylidene]propyla111ine (4,96 g; 26 1111uol) were heated under. reflux in
"super-dry" methanol (20 ml) for 4 hours. Water (10 ml) was added aild the
lruxture heated under reflux for a further hour. The solvent was removed on
a rotary evaporator and the residue. taken up in ether (200 1111). The ether
layer was washed with dil. aq. hydrochloric acid (4 x 25 ml), satd. aq.
sodium hydrogen carbonate (25 lul), water (2 x 25 1111) and satd. aq. sodiu111
chloride (25 1111) and dried over anhydrous magnesiulu sulphate. Removal of
the ether gave an oil (3,63 g). A portion of the crude product (3,20 g) was
subjected to flash chromatography using a mixture of ethyl acetate-hexane-
dichloro111ethane (1:5:5) as eluant and taking ~40 lul fractions. The fractions
were cOlubined on the basis of TLC to give unchanged 2-(2-eyanoethyl)-
cyclohexanone (112) (0,64 g) and 2-(2-cyanoethyl)-2-(2-methoxy-
carbonylethyl)cyclohexanone (115) (1,96 g; 43%).
Boiling point: 146 0 Cl 0,1 mIU Hg











13C NMR: 0 (CDC13) ppn1
C-1 212,6 s C-1' 27,8 t
C-2 49,9 s C-2' 28,8 t
C-3 35,0 t C-3' 172,8 s
C-4 20,0 t C-4' 51,3 Cl
C-5 26,3 t C-1" 29,S t



















Reaction of metbyl acrylate with N---{cyclobexylidene)benzylamine (111) in
methanol
11ethyl acrylate (7,38 g; 86 mmol), N-<.:yclohexylidenebenzyla111ine (8,0 g;
43 mmol), in 111ethanol (20 ml) were heated under reflux for 3 h. After
hydrolysis, the usual hydrolytic workup, reluoval of the solvent, distillation
under vaCUUlU gave the 2,24.iiester (2,86 g; 25 %), which was further
purified by flash chromatography using hexane4.iichloromethane-€thyl
acetate (12,5:12,5:1) as eluant to give 2,2-bis[2-methoxycarbonylethyl}
cyclohexanone (121).
Boiling point: 146 0 Cl 0,04 lum Hg.







IT-I NMR: 8 (CDC13) ppm
1,6 - 2,5 16 H; 111ethylene envelope
3,52 6 H; 2 x OMe.
13C NMR: 8 (CDC13) ppm
C-1 212,6 s C-1' 27,6 t
C-2 49,4 s C-2' 28,6 t
C-3 35,2 t C-3' 172,8 s


















Reaction between methyl acrylate and N-eyclobexylidenepropylamine (122)
in dry acetonitrile in the presence of 4-dimethylaminopyridine
~1ethyl acrylate (30,94 g; 360 mmol), N-<:yclohexylidenepropylaluine
(10,0 g; 72 111mol), quinol. (0,09 g), 4-dimethylaminopyridine (8,79 g; 0,072
mol) was heated under reflux in dry acetonitrile for 4 h. Vacuulu distillation
gave the 2,2-bis[2-n1ethoxycarbonyl)ethyl]cyclohexanone (121) in far
greater yield (15,03 g; 77%) than the reaction carried out in methanol.
Reaction between acrylamide and N-eyclobexylidenepropylamine in dry
methanol
Acrylamide (42,1 g; 590 lumol) and N-<:yclohexylidenepropylamine (13,77 g;
99 mmol) were heated under reflux in dry methanol for 4 h. The crude
product was subjected to flash chromatography using hexane-dichloro-
methane--€thyl acetate (8:4:5) which gave 2-oxo-114a ( 8a) -octahydroquino-
line (2,68 g; 18%).
Melting point: 138,5 - 140,0 0 C (Recrystallised from
hexane-dichloromethane) .



















m; 2 x CH2
m; 2 x CH2
t· J = 105Hz' CH2, "
t; J = 8 Hz; CH2
S' NH,















































Attempted reaction between . phenyl vinyl sulphoxide and
N--(cyclohexylidene)propylamine in dry methanol
N-( cyclohexylidene)propylaInine (1,46 g; 11 TI1Inol), phenyl vinyl sulphoxide
. (4,80 g; 32 mInol) in ."super-dry" methanol (25 ml) were heated. under
reflux for 4 hours prior to the' usual aqueous hydrolysis and hydrolytic
work-up. The crude product (1,25 g) showed no phenyl group in the proton
l1Inr. The crude illaterial was subjected to flash chromatography and 137
fractions (30 illl each) were taken, but it was not possible to identify a single
component.
Reaction between phenyl vinyl sulphone and N--{cyclohexylidene)-
cyclohexylamine in dry methanol
Phenyl vinyl sulphone (2,20 g; 13 mInol), and N-(cyclohexylidene)-
cyclohexylamine (0,82 g; 4,6 mmol) were heated under reflux in methanol
(2 ml) for 4 hours. The hydrolysis was carried out as per the general method
given above except that dichlorOlnethane (4 x 25 1nl) was used for the
extraction instead of diethyl ether. The crude product was purified using
flash chromatography with a hexane-dichloromethane~thyl acetate eluant
(2:1:1) which gave recovered phenyl vinyl sulphone (0,28 g) and





16 H; methylene envelope
10 H; 2 x Ph.














































This reaction was also carried out by heating N-(cyclohexylidene)cyclo-
hexylamine (0,82 g; 4,6 mmol) and phenyl vinyl sulphone (2,20 g; 13 mmol)







Attempted reaction between methyl crotonate and N--{cyclohexylidene)
benzylarnine in dry methanol
N-(cyclohexylidene)propylamine (5,00 g; 36 mmol), n1ethyl crotonate
(21,61 g; 216 mmol) in "super-dry" n1ethanol (17 lul) were heated under
reflux for 4 hours prior to aqueous hydrolysis and the usual hydrolytic
work-up. The proton nmr spectrum of the crude product (0,77 g) showed
that ~10 alkylation had occurred since there was a complete absence of the
required methoxy peak. The same was true of the methoxy carbonyl
absorption in the infra-red spectrum.
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Preparation of 2-ben7.ylcyclobexanone (126)
I-Pyrrolidinylcyclohexene (22,64 g; 150 mmol), benzyl bromide (36,72 g;
2151nmol) in dry dioxane (lOO ml) were heated ,under reflux for 12 hours.
\Vater (20 1nl) was added.and the mixture heated under reflux for a further
3 hours. The reaction ll1ixture was extracted with diethyl ether (1 x 300 ml;
2 x 100 1111) and the cOlnbined extracts reduced to approxi111ately 200 ml on
a rotary evaporator. This extract was then subjected to the usual hydrolytic
work-up used on all the hydrolysed imine extracts. The oil obtained was
then fractionally distilled under vacuum to give three fractions. The first
fraction (5,15 g) proved to be unreacted benzyl bromide; the second (1,02 g)
was a Inixture of benzyl bro111ide and 2-benzylcyclohexanone; and the final
fraction was pure 2-benzylcyclohexanone (126) (21,43 g; 76 %)
In a repeat preparation on a siInilar scale, the yield was 70 %, but the
reaction mixture becan1e very dark prior to hydrolysis.
Boiling point:
Lit:3
88 - 94 0 C / 0,09 InmHg
165 -167 0 C / 18 m111Hg
126






10H, c, 5 x CH2
1H, m, H at C-2
5H, s, Ph
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Preparation of 2-[2-methoxycarbonylethyl]-2-benzylcyclohexanone (129)
N-(2-benzylcyclohexylidene)benzylamine (2,50 g; 9 mmol), and methyl
acrylate (3,88 g; 45 mn10l) in "super-dry" Inethanol (22 ml) were heated
under reflux for 4· hours. The usual aqueous hydrolysis, hydrolytic work-up
and relTIoval of the solvent gave an oil (2,04 g), which was subjected to flash
chromatography on a column of silica gel (Merck Art: 9385) using 10% ethyl
acetate in hexane as eluant. Forty fractions (~ 50 ml) were taken and were
combined on the basis of tIc to gi ve' two main fractions: the first had an Rf
of 0,36 (0,53 g). This proved to be starting ketone; and the second (R
f
O,18)
was 2-[2-methoxycarbonylethyl}-2-benzylcyclohexanone (129) (1,33 g;
54 %). The latter was further cleaned up on silica gel plates (Merck Art.:
5745) using the SalTIe eluant.












2H; d.of d; J = 13,8 Hz
3H; s; -OMc
2H; m; Ph protons






13C"NMR: 8 (CDC13) pprn
C-l 214,9 s C-3' 174,4 s
C-2 51,9 s C--4' 52,1 q
C-3 39,6 t C-l" 29,8 t
C--4 20,8 t C-2" 137,6 s
C-5 29,0 t C-3" 126,8 d
C-{) 40,6 t C--4" 128,5 d








The n1ass spectrum showed the following ions:
275 (11+1); 274 (M+); 257; 256; 243; 242; 225; 224; 188; 187; 91 (base peak).
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Preparation of 2-benzyl-4-t-butylcyclohexanone (131)
1-Pyrrolidinyl-4-t-butylcyclohexene (62,10 g; 0,3 lnol) and benzyl chloride
(75,96 g; 0,6 mol) in "super-dry" lnethanol were heated under reflux for 4
hours. After the usual aqueous hydrolysis and hydrolytic work-up, the
solvent was removed on a rotary evaporator to give which was fractionally
distilled under vacuum to give four main fractions: the first (BP 45 - 53 0 C
I 0,23 m111Hg; 24,94 g) proved to be 4-t-butylcyclohexanol; the second
(BP 55 - 59 0 C I 0,20 InmHg; 1,41 g) was a lnixture of starting ketone and
benzyl chloride; the third (BP 105 - 108 0 C I 0,21 mmHg; 3,54 g) was
starting ketone; and the final fraction (BP 128 0 C I 0,21 mlnHg). This final
fraction was re-distilled to give the desired 2-benzyl--4-t-butyl-
cyclohexanone (131) (29,09 g; 40 %).
Boiling point: 115 - 116 0 Cl 0,065 mmHg












N-(2-benzyl-4-t-butylcyclohexylidene)propylamine (132) (6,78 g;
24 ITImol) ·and 111ethyl acrylate (10,23 g; 119 ITIITIol) in "super-dry" methanol
were heated under reflux for 4 hours.
After the usual hydrolysis, hydrolytic work-up and reITIoval of the solvent
on a rotary evaporator an oil (6,01 g) was obtained.
A portion (3,00 g) was subjected to flash chromatography 118 using silica gel
(Merck Art: 9385) and ethyl acetate (10%) in hexane as eluant taking 50 ml
fractions (40 fractions). The fractions were combined on the basis of tIc
which gave two 111ajor fractions: the first was starting ketone (1,23 g) and
the second was 2-[2-methoxycarbonylethyl]-2-benzyl-4 -t-butylcyclo-
hexanone (134) (1,56 g; 40 %).
A further portion (2,40 g) of the crude product was chromatographed on
eight preparative plates (Merck Art.: 5745) using the same eluant. Nine
bands were visualised under an ultra-violet lamp. After extraction of the
silica gel with dichloromethane containing 111ethanol (~10 drops/50 1111),
filtrations and evaporation, the fractions were combined on the basis of tlc
to giye starting ketone (0,34 g) and 2-[2-methoxycarbonylethyl]-2-
benzyl-4-t-butyIcyclohexanone (134) (1,29 g; 41 %).












13H; c; n1ethylene/n1ethine envelope
3H; s; OMe
13C NMR: b (CDC13) ppnl
C-l 213,9 s C-l" 37,3 t
C-2 50,7 s C-2" 137,6 s
C-3 39,9 t C-3" 126,1 d
C-4 27,1 d C-4 11 127,8 d
C-5 30,4 t C-5" 130,6 d
C-6 41,2 t C-a 32,2 S











The mass spectrull1 showed the following ions:
330 (M+); 312; 299; 298; 183; 273; 270; 255; 244; 243; 91(base peak).
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2.5 SYNTHESIS OF THE BICYCLO[2.2.2]OCTANE
RING SYSTEM FROM ACYCLIC
PRECURSORS
2~5.1 DISCUSSION
Previously,89 it was shown that methyl acrylate had reacted at the more
substituted position of N-(2-butylidene)benzylamine, to give, after
hydrolysis, methyl 4-rnethyl-5-oxohexanoate.




In an extension of this work on the regioselective alkylation of the imines of
cyclic 89,93,94,123 and acyclic 92 ketones, the reaction of phenyl vinyl ketone
(PYK) with N-(2-butylidene)benzylamine was investigated. The reaction
was carried out in "super-dry" methanol under reflux for 4 hours followed
by aqueous hydrolysis and the usual hydrolytic workup. The crude reaction
mixture was purified using flash chromatography 118 which separated the
product into two isomeric forms of 141. Isomer I was recrystallised from
ethyl acetate and crystallised in the 12/a space group.
The reaction mixture failed to give any of the expected mono- or
































The 80 MHz lH-nmr spectnnl1 of the product failed to show a CH3CO
group, but indicated the presence of two benzene rings and a methyl singlet
at 8 1,1. The Inissing CH3CO group shows that neither the mono- nor the
di-alkylated products is possible. The presence of the two benzene rings
indicates that possibly two equivalents of PVK per molecule of butanone
ilnine have beCOll1e attached to the butyl chain.
The only rational explanation for these observations is that two equivalents
of PVK have reacted with the N-(2-butylidene)benzylamine, firstly twice
at C-3 (of the butyl chain) an d then once at C-1.
Consideration of a plausible sequence of events, set out in Scheme 26 led us
to propose the bicyclo[2.2.2]octanone structure (141) as the product of this











Further evidence for this structure came frOITI the 13C nmr spectrum (20
MHz) (for both iSOITIerS I and II of 141) which indicated the presence of two
I
carbonyls (Ph-CO- and a. ring carbonyl), a highfield quartet (11e-C-), a.
. "" Irelatively low-field triplet (Cr-h-CO), a doublet ( CH-CO), two singlets
/
(C-1 and C-4), three triplets for the remaining three -CH2- groups and
two benzene rings.
There were however, significant differences between both the proton and 13C
nmr spectra for Isomers I and II of 141.
The proton nmr spectrUITI (SO MHz) of Isomer 11 of 141 indicated that one of
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the protons was deshielded to b 3,67. Comparing the 13C nmr spectra of
Isomer I and ISOlner II of 141 showed that the triplet at be 51,3 (Isomer I)
becolnes more shielded in Isomer II (be 43,7) and the triplet at be 25,0
(Isomer I) had shifted to be 34,7 (Isolner II). All the other signals were of
c0111parable chenlic.al shifts. In order to assign the spectra of Isomers I and II
(141) the samples were sublnitted for 2D COSY, NOESY and HETCOR
plots which were run on a Bruker 500 MHz instrulnent. The full assignment
was accomplished as follows:
Isomer I: 141
Using the COSY plot, the sets of protons with the following chemic.al shifts
(bppm) were shown to be coupled:
2,93 (1 H) to 2,42 (lH): Gelninal coupling; Isolated CII2;
1,78 (lH) to 2,11 (lE): Geminal coupling; C-CHrCH2-C;
3,04 (lH) to 1,80 (lH): Geminal coupling; C-CH2-CH2-C;
1,78 (lH) to 1,80 (1 H) and 3,04 (lH): Vicinal coupling;
2,11 (lH) to 1,80 (lH) and 3,04 (lH): Vicinal coupling;
1,95 (lH) to 2,08 (lH): Gelninal coupling; C-CHrCH-CO;
1,95 and 2,08 to 4,06 (lH): Vicinal coupling; C-CH2-CH-eO;
7,51 (2H) to 7,22 (2H) to 7,37 (lH): Ph-CO;
7,20 (2H) to 7,09 (2H) to 6,99 (lH): Ph-t-.
I
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On the basis of these couplings, letters were assigned to each proton. These
and the carbon nlllnbering used are shown in the diagrams below for Isomers










141 : ISOMER I
f g.




From the HETCOR, the protons associated with each carbon could be




C-2 48,5 a 4,06
C-3 35,7 b; c 2,08; 1,95
C-4 43,2
C-5 215,6
C-6 51,3 d; e 2,93; 2,42
C-7 25,1 f; g 3,04; 1,80











The NOESY plot showed nuclear Overhauser effects between protons:
a and d; a and b; a and c; f and h; f and i; e and g; as well as the geminal
n.O.e's: f and g; d and e; hand i; and band c.
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The single crystal X-ray structure deterrnination also corroborates the
above assignment for Isomer I (141).





It is interesting to note in the solution that the space group 12/A is
non-standard. This space group was chosen in order to obtain fJ as close to
90° as possible. When viewing the cage structure, the torsion angle
CI-CII-C12-C-4 is of the order of 10°, which is normal for this type of
structure. 124
Certain of the bond lengths are foreshortened because of thermal motion. All
the C-C bond lengths in the benzene rings should be around 0,140 nm
whereas nearly all are shorter than this at around 0,138 nm.
The bond length C1-C6 and C5-C6 (both sp3_Sp2) are around 0,150 nm
which is slightly longer than they would be expected (0,142 nm) to be.
The Sp3_Sp3 bond length between Cl and the methyl carbon, CID is also
foreshortened from 0,154 nln to 0,152 nm.
The two benzene rings are pseudo-parallel due to the inter~ctions of the
benzene hydrogens and the delocalised IT--€lectrons above and below the
plane of the rings.
The assignment of 141: Isomer II was executed in a similar manner and the
only significant differences in chemical shifts between the two isomers, occur
at positions 6 and 7. In 141: Isomer I, C-7 experiences a steric compression
shift 125 to high field relative to C-7 in 141: Isomer II (Oe 25,1 and 34,8,
respectively), whereas proton f (attached to C-7) is deshielded in Isomer I
by the close proxinlity of the benzoyl carbonyl group and appears at lower
field relative to proton f in Isomer II (03,67 and 2,93, respectively).
Furthermore, a strong n. 0 .e. was observed between protons a and d in
Isomer I, which was not present in Isomer II which confirm-s the orientation
of the benzoyl group as being exo to the cyclohexanone ring in Isomer I and
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endo in Isomer H. Long range \V coupling was observed between protons a
and e in Isomer H (1,6 Hz) whereas in Isomer I the VV coupling occurred
between a and g (0,9 Hz). III both isomers W coupling was also observed
between protons c and i (2,8 Hz), and between protons d and f (3,5 Hz).
This discovery is most significant, for as far as is known, the formation of
four different carbon-earbon bonds sequentially (Scheme 26) constitutes the
first one-step synthesis of a bridged bicyclic system from acyclic precursors.
The reaction was repeated using two equivalents of PVK but this only
increased the yield of IS0111Cr II from 5,6 to 35 %, none of Isomer I being
isolated under these conditions. As it was possible that the water eliminated
in the first cyclisation step (Scheme 26) could result in partial hydrolysis of
the imine-€nalnine mixture, the reaction was repeated by Jutle126in the
presence of molecular sieves which resulted in a further increase in yield to
54 %.126
The reaction followed a different course when applied to N-(3-pentylidene)-
benzylamine. In this case, only one equivalent of PVK reacted with one
equivalent of the inline at C-2 of the ilnine. This was followed by
cyclisation onto C-4 of the imine to give 3-hydroxy-2,6--Di111ethyl-:3-
phenylcyclohexanone (143) (0,33 g; 11 %). During the reaction, however,
most of 143 underwent a dehydration reaction to give 6-methyl-
3-phenylcyclohex-2-€none (139) (1,30 g; 45 %) .
. 3-Hydroxy-2,6-dimethyl-3-phenylcyclohexanone (143) showed a sharp OH
absorbance (3580 cm-i) in tlle infra-red spectrurn .as well as carbonyl
absorbance at 1710 cm-i.
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The proton nrm spectra showed that the chemical shift of the OH proton
was concentration dependent. All the protons and carbons were assigned
from the IH (.500 111Hz) a.nd l~C nmr (125 MHz) spectra using HETCOR,
COSY and NOESY plots (500 l\IHz).
The carbon at C-3 appeared as a singlet (Dc 81,5) and the carbons at C-2
and C-6 appeared as doublets, the latter proving that mono-substitution
and cyclisation had occurred. Carbon/hydrogen analysis was consistent
with the molecular formula for 143.
From the crystal structure, the cYclohexanone ring presents as an almost
perfect chair. Around the ri ng, the torsion angles average out at about 55°
which is absolutely normal as rings are always slightly flattened. In fact this
value is approxinlately 5° sll1aller than ideality.
The torsion angle Ol-Cl-C6-C7 (C7 being the methyl carbon) is 4°
showing that the carbonyl is eclipsed with the methyl carbon. Further the
carbonyl is eclipsed with CS, the torsion angle C8-C2-Cl-Ol being _5° . C7
and C8 are equatorial as is the C9 of the benzene ring. C8 and C9 are
staggered with a torsion angle of -59° .
The hydroxy group is perfectly axial to the nng and the torsion angle
C8-C2-C3-02 is 62° .
The bond lengths Cl-Cl (O,l50 nm) and C1-C6 (0,151 nm) are typical of
sp2-sp3 carbon-earbon bond lengths.
The apparent bond lengths in the benzene ring are severely foreshortened


























In the reaction between phenyl vinyl ketone and N-(1-phenyl-1-
ethylidene)benzylamine in methanol, only the mono-substituted product,
1,5~iphenylpentan-1,5~ione (145), was isolated. This reaction was
carried out in order to attempt to determine whether it was possible to force
di-alkylation at the methyl group of the ,imine. It appears that, from
GC-MS work carried out on the crude product, only the mono-alkylated
product is formed. Although it was not possible to obtain this compound in
a pure enough form for complete analysis, despite repeated flash
chromatography, the GC-MS work carried out gave a good molecular ion
for 145 (M+ 252). The proton nmr spectrum fits the proposed comp~und,
and clearly shows the two phenyl groups (8 7,3 - 8,1), a four proton triplet
(83,11) and a two proton multiplet (82,19).
Finally, as it appeared that the bicyclo[2.2.2]octanone synthesis was
restricted to methyl ketones, it was decided to attempt to synthesize the
bicyclo[2.2.2]octanone (142) of benzyl methyl ketone (1-phenyl-2-
propanone) via the reaction between PVK and N-( 1-phenyl-2-propylidene)-
propylamine in boiling methanol.
The benzyl methyl ketone was prepared from Q'-phenylacetoaceto-
nit~ile.128,129 The propylamine imine of benzyl methyl ketone was prepared
using the azeotropic technique in benzene and gave N-( I-phenyl-2-
propylidene)propylamine, which was used without further purification for
the reaction with PVK in methanol. The infra-red spectrum showed the
C=N absorption at 1 665 cm-1 and although a small ketone peak was
evident, it was decided to use the imine without further purification as
capillary CGC showed that the purity of the imine was of the order of 98 %.
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It was decided to carry out the reaction in the presence of freshly activated
molecular sieves (3A) in order to prevent any water liberated by the
reaction causing hydrolysis of the imine. The reaction was allowed to
proceed for 6 hours at the boil in methanol in the presence of molecular
sieves (50 g; 3A). After hydrolysis of the reaction mixture and the usual
hydrolytic work up, a portion (2,15 g) of the crude material was subjected to
flash chromatography. The fractions obtained were analysed using GC-MS.
Fractions 10-13 gave several peaks, two of which could be identified using
the mass spectra obtained. The two peaks gave molecular ions consistent
with 2,5-diphenyl-5-hyclroxycyclohexanone (146) (M+ 266) and
3,6-diphenylcyclohex-2-€l1one (147) (111+ 248).
Fraction 14 gave aln10st pure 3,6-diphenylcyclohex-2-€none (147) (0,48 g;
12%) and although it was not possible to obtain this compound in a pure
enough form for complete analysis, GC-1IIS showed the compound to have a
molecular ion of 248 which is consistent with 3,6-diphenylcyclohex-2-€none.
(147). The proton nmr spectrum showed two phenyl groups, a low field
singlet proton (8 6,58), two CH2-groups (82,44 and 2,86) and a multiplet (8
3,66). The low field singlet is consistent with an uncoupled olefinic proton
which fits the picture for the proton at C-2. The proton at 8 3,66 is
consistent with the proton at C-6. In the 13C nmr spectrum, the conjugated
enone-system showed up quite clearly at 8e 159,7 (s), 130,5 (d) and 200,2 (s)
for carbons 3, 2 and 1 respectively. Further, the doublet at C-2 appeared at
8e 52,6. Although it was not possible to assign all the aromatic signals, they
were" consistent with there being two phenyl rings, having different chemical
environments, in the molecule.
lS1
Fractions 33- 51 was shown to be the bicyclic compound 2-benzoyl-1,4-
diphenylbicyclo[2.2.2]octan-.5-one (142) (0,23 g; 4 %). Further column
chromatography enabled this cOlupound to be obtained in a pure form for
analysis. The infra-red spectrum showed the ring carbonyl and benzoyl
carbonyl at v 1 718 and 1 674 respectively.
The proton spectrum was cOlnpletely assigned, except for the aromatic
protons, using the 200 MHz proton spectrum and the HETCOR plot. The
position of the signals c0111pared to the spectra of 141, indicate that the
compound crystallised as the endo isomer showing the same shielding of
C-6. This assignnlent of the structure is based on the HETCOR plot.
The crystal structure was determined and Inerely serves to confirm the
assignments above.
In the cage the torsion angles all have the same handedness:
[C6-C7-CS-C3 (-So); C6-C.5-C4-C3 (-6°) and C6-C1-C2-C3 (-3)°].
This appears to be similar to the previous bicyclic molecule (141). This
means that the twist wi thi n the cage is small and all three twists occur in
the same direction, which is what one might expect. The twists are small
because the Sp2 hybridized carbon at Cl forces a certain rigidity on the
C6-CI-OI-C2 limb of the cage. This is borne out by the small size of this
torsion angle which is -3° cOlnpared with the other two at -6 and -So
respectively.
Further it interesting to note that C-22 is eclipsed with 0-1, the torsion
angle 01-C1-C6-C22 being -2,7°, and C9-C10 are staggered with the
torsion angle (C9-C4-C3-Cl 0) being 62° which is to be expected because of






















As noticed with the previous molecule, the carbon-<:arbon bonds In the




It would appear that only imines of the type R-CH2JJ-Me form the
bicyclic structure and this synthesis may be restricted to these molecules
only, unless a means can be found to inhibit the final cyclisation step until
Qt,<l'--dialkylation has taken place.
Further investigations could include:
(1) atteInpted alkylation using PYK of ll10lecules of the form
R-CH2CH2-CO-Me where R is aryl or alkyl;
(2) reaction of symmetrical ketones with PYK in the presence of Lewis
acids to promote;
(3) the addition of molecular sieves to the reactions between imine and
PYK in an attempt to improve the yield of the bicyclic compounds,
since in Section 5, no attempt was made to optimise the yields.
2.5.2 EXPERIMENTAL:
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Preparation of phenyl vinyl ketone (PVK) 127
Acetophenone (22,18 g; 0,19 mol), dimethylamine hydrochloride (20,00 g;
0,25 mol) and paraformaldehyde (7,5 g; 84 mmol) were placed in a
round-bottomed flask and then a mixture of conc. HCI (0,38 ml) in ethanol
(95 %; 80 IT1I) was added to the flask. vVhen the addition had been
completed, the 111ixture was raised to the boil and heated under reflux for 2
hours. Acetone (1.50 ml) was added to the warm reaction mixture. On
cooling, crystals separated. These were filtered and dried (40 - 50 0 C) for 3
hours to give j3--dl1nethylaminopropiophenone hydrochloride.
The j3--dimethylanlinopropiophenone hydrochloride (20,00 g) was steam
distilled to give phenyl vinyl ketone, which was extracted with
dichlorolnethane (:1 x 50 ml). The solution was dried over anhydrous
lnagnesium sulphate to which quinol (0,01 g) had been added and then the
solvent was relTIoved on a rotary evaporator to give the desired ketone
(10,88 g; 73 %).














d.o.d.; J = 10 Hz; J = 2 Hz
d.o.d.; J = 17 Hz; J = 2 Hz
q (Partially hidden under aromatic protons)
Preparation of I-phenylpropan-2-Dne 128
1. a-Phenylacetonitrile
Sodium ethoxide was prepa.red by adding sodium metal (12,0 g; 0,51 mol) to
"super-dry" ethanol 90 (140 1nl), which was then heated under reflux for 5
hours. A mixture of benzyl cyanide (47,4 g; 0,41 mol) and dry ethyl acetate
(51,39 g; 0,58 11101) was added to the hot sodium ethoxide solution. The
thick cream coloured 111ixture was heated on a steam bath for 2 hours and
then stood for 12 hours. The 111ixture was then cooled to -4 0 C on an ice-salt
bath and then filtered. The precipitate was washed with ether and the11
dissolved in water (250 1111) and cooled to ice point. Glacial acetic acid
(18 1111) was added dropwisc, the temperature being Inaintained below 10
o C. A pale yellow precipitate formed which was filtered off and washed with
water to give Q'-phenylacet.oacetonitrile. This was used without further
purification.
Melting point:














Concentrated sulphuric acid (70 rnI) was cooled to -4 0 C in ice-salt and the
moist fr-phenylacetoni trile was added slowly to the acid, the temperature
being maintained below 20 0 C. When the addition had been completed, the
mixture was heated on a steam bath, which gave a clear, coloured liquid.
The solution was then cooled to 20 C whereupon water (350 ml) was added
rapidly. The mixture was then heated on a steam bath for 2 hours. After
cooling, the oil was separated and the aqueous layer extracted with ether
(2 x 100 1nl). The ethereal extract and the oil were combined, washed with
water (2 x 20 ml), dried over anhydrous magnesium sulphate and the
solvent removed on a rotary evaporator. Fractional vacuum distillation gave
the desired 1-phenylpropan-2-Dne (13,74 g; 25 %).
Boiling point:
Lit:129
59 - 64 0 Cl 5 mmHg





111 nrm h ppm(CDCI3)
2,1 3H s CH3CO
3,6 2H s Ph-CI-I2
7,2 5H s Ph
N--{2-butylidene)bcnzylamine
Butan-2-Dne (16,0 g; 0,50 mol), benzylamine (54,6 g; 0,51 mol) and
toluene-4-sulphonlc acid (0,6 g) were heated under reflux in benzene
(100 ml), the wa.ter being removed azeotropically via a Dean and Stark
water separator for 49 hours. The solvent was then removed on a rotary
evaporator, and the residue distilled under vacuuin to give
N-(2-butylidene)benzylamine (28,52 g; 34 %).




1H nmr 8(CDCb) ppm
1,12 3I-I 111 CIIr CH2
1,6 - 2,6 2H 111 CH3-CH2
4,48 IH s Ph-CH2-N
7,33 5H s Ph-CH2-N
Preparation of N=<1-phenyl-2-propylidene)propylarnine
I-Phenylpropan-2--{)ne (13,76 g; 0,10 mol), propylamine (6,97 g; 0,12 mol)
and toluene-4-sulphonic acid (0,02 g) were heated under reflux in benzene
(150 ml), the water being removed azeotropically via a Dean and Stark
water separator for 5 hours. The solvent was then removed on a rotary





The infra-red spectrum showed a s111all ketone peak and it was decided to
use the imine \vithout purification as capillary gas-liquid chrolnatography
showed that it was very pure (98 % us~ng the total area) showing only a
trace of the starti ug ketone.
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Preparation of N={l-phenyl-l-ethylidene)benzylamine
Acetophenone (32,15 g; 0,30 mol), propylamine (18,32 g; 0,31 mol), and
toluene-4-sulphonic acid (0,3 g) in benzene (200 ml) were heated under
reflux in benzene (100 ml). No water was removed azeotropically via the
Dean and Stark water separator, and a futher quantity of benzene had to be
added (300 ml) and water was then liberated very rapidly. Within 3 hours
the theoretical quantity of water had been collected in the Dean and Stark
trap. The solvent was then removed on a rotary evaporator, and the residue
distilled under vacuum to give N-(1-phenyl-1-ethylidene)propylamine
(30,61 g; 63 %).









CH3C=N (82,11; s) plus N-CH2CH2CH3
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Preparation of N--{3-pentylidene)benzylamine
3-Pentanone (51,60 g; 0,60 mol), benzylamine (73,94 g; 0,69 mol) and
toluene--4-sulphonic acid (0,1 g)" were heated under reflux in benzene
(200 ml), the water being removed azeotropically via a Dean and Stark
water separator for 8 hours. The solvent was then removed on a rotary
evaporator, and the residue distilled under vacuum to give three fractions:
the first fraction contained benzylamine (5,55 g), the second was a mixture
of benzylanline and N-(3-pentylidene)benzylamine (2,78 g) and the third
was pure N-(3-pentylidene)benzylamine (64,54 g; 61%).
Boiling point: 66 - 70 0 CjO,53 mmHg
IR: V(Ncat film)
1 662 C=N
tn nrm 8 ppm(CDCI3)
1,00 3H t (J = 7,4 Hz) CHr CH2
1,10 3H t (J = 7,4 Hz) CHr CH2
2,20 4H 2 x q(J = 7,4 Hz) CH3-CH2
7,29 5H s Ph-CH2-N
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Reaction between phenyl vinyl ketone and N=!2-butylidene)benzylarnine
(1 equivalent: 1 equivalent)
N-(2-Butylidene)benzylamine (10,00 g; 67 mmol) and phenyl vinyl ketone
(8,80 g; 67 lumol) in "super-dry" methanol (160 ml) were heated under
reflux for 4 hours. Water (10 ml) was added and the mixture heated under
reflux for a further hour. The solvent was removed on a rotary evaporator
and the residue extracted with ether (2 x 100 ml) and dichloromethane
(4 x 250 ml). The combined extracts were washed with dil. aq. hydrochloric
acid (2 M; 4 x 50 ml), satd. sodium hydrogen carbonate (2 x 50 ml), water
(2 x 50 ml) and satd. sodium chloride (50 ml) and finally dried over
anhydrous magnesium sulphate. Removal of the solvents on a rotary
evaporator gave a brown oil (10,64 g). A portion (3,68 g) was subjected to
flash chromatography using ethyl acetate-hexane-chloroform (1: 12: 7) as
eluant and taking 50 fractions (~ 50 ll1l). Fractions 12-14 and 17-20 were
cOlnbined on the basis of tlc and then they were taken up separately in
dichloromethane and charcoaled several tilues to remove the colour (pale
pink). These fractions proved to be two isomers of 2-benzoyl-4 -methyl-l-
phenylbicyclo[2.2.2joctan-S-one (141).
Yield: Isomer I (Fractions 12-14) 0,09 g; 1,3 %
Isomer II (Fractions 17-20) 0,38 g; 5,6 %
Melting point: Isoll1er I:
Isoluer II:
170,0 - 170,5 0 C
161,0 - 163,0 0 C








IR: KBr disk (~ 1,4 mg/300 mg KBr)
1 660 C=O
1 716 Ph-CO
FTTR (CDBr3; 0,1 mm cell; solvent subtracted)
























































































































































Reaction between phenyl vinyl ketone and N=!2-butylidene)benzylamine
(2 equivalent: 1 equivalent)
The above reaction was repeated using N-(2-butylidene)benzylamine
(4,88 g; 30 Inmol) and phenyl vinyl ketone (8,00 g; 61 n1mol) in methanol
(75 ml) under reflux for 4 hours. Hydrolysis was· effected by the addition of
dil. acetic acid (10 %; 10 ml) with stirring (12 h). The crystalline material
(A) formed was separated from an oil (B) and they were worked up
separately. Ether was added to each (100 ml), but dichlorolnethane (200 1111)
had to be added to (A) to effect complete solution of the crystalline
Inaterial. The usual aqueous workup was then applied to each of (A) and
(B). After drying over anhydrous magnesium sulphat.e and filtration, the
solvents were removed on a rotary evaporator "and gave oils: (A) 4,61 g;
(B) 3,96 g.
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(A) was subjected to flash chromatography (Merck: Art. 9385) using ethyl
acetate-dichloromethane-hexane (1:10:9). The crystalline fractions were
combined and subsequently recrystallised from ethyl acetate to give white
crystals (1,74 g).
(B) was similarly chromatographed to give white crystals (1,62 g).
The spectra eH, 13C, COSY, NOESY, HETCOR and IR) were identical




















0,05 x 0,13 x 0,25
Nicolet R3m/V 0
CuKa (;\ = 1,54184 A)
293 K
Highly oriented graphite crystal
0,0 to 115,0 0
20- 8
Variable: 2,93 to 14,65/Illin. o in w
1,10 0 plus KQ'-separation
Stationary crystal and stationary counter
at b~ginning and end of scan, each for
25,0% of total scan tin1e.
3 measures every 97 reflections
o~ h ~ 24, 0 ~ k ~ 6, -25 ~ 1 ~ 25
Nicolet SHELXTL PLUS (MicroVAX II)
Direct Methods
Full-l'vlatrix Least-Squares
I;w(F - F0 )c2
FRACTIONAL ATOMIC COORDINATES (x 104)



































































































































































































































































































































































































































































































C2-C1-C6 106,4 2 C2-C1-CIO 112,0 3
C6-C1-C10 113,2 2 C1O-C1-C11 111,5 3
C1-C2-C3 112,4 2 C2-C3-C4 109,0 2
C2-C3-C:30 111,9 2 C4-C3-C30 111,9 2
C3-C4-C12 108,6 2 C3-C4-C41 111,9 2
C5-C4-C12 106,5 2 C12-C4-C41 112,2 2
C4-C5-C6 110,9 2 C1-C6-C5 113,4 2
C1-C6-060 124,3 3 C5-C6-060· 122,3 3
C1-C11-C12 111,4 3 C4-C12-C11 111,3 3
C3-C30-030 118,9 2 C3-C30-C31 121,5 2
C31-C30-030 119,6 2 C30-C31-C32 123,6 3
C30-C31-C36 117,9 3 C32-C31-C36 118,5 3
C31-C32-C33 120,8 3 C32-C33-C34 119,8 4
C33-C34-C35 120,1 4 C34-C35-C36 120,4 4
C31-C36-C35 120,6 4 C4-C41-C42 121,8 2
C31-C41-C46 121,1 3 C42-C41-C46 117,1 3
C41-C42-C43 121,7 3 C42-C43-C44 120,4 4
C43-C44-C45 119,2 4 C44-C45-C46 120,5 4
C41-C46-C45 121,1 3
Reaction between phenyl vinyl ketone and N=!3-pentylidene)benzylarnine
N-(3-Pentylidene)benzylarnine (12,60 g; 72 mmol) and phenyl vinyl ketone
(9,51 g; 72 mInol) in methanol (180 ml) were heated under reflux for 4
hours. On cooling, a mixture of water-acetic acid-sodium acetate (2:2:1;
10 ml) was added to effect hydrolysis under non-epimerising conditions. 96
Removal of the solvent on a rotary evaporator resulted in the formation of
crystals which were taken up in ether and after the usual hydrolytic workup,
the solvent was removed to give an oil (11,87 g). A portion (2,33 g) of this
was subjected to flash chromatography, using ethyl acetate-hexane-dichloro-
methane (1:9:10) as eluant, taking 53 fractions (~50 ml). The fractions were
combined on the basis of tIc. Two major components were isolated:
2,6--dimethyl-3-phenyIcyclohex-2-enone (144) (1,30 g; 45 %) and
2)6-dimethyl-3-hydroxy-3-phenylcyclohexanone (143) (0,33 g; 11 %).
2,6-dimethyl-3-phenylcyclohex-2-enone (141)
GC-MS (Gas Chromatography using a mass spectrometer as detector)
showed that the molecular ion (1/1+ 200) was present although there was an
impurity that eluted very close to the 2,6--dimethyl-3-phenylcyclo-
hex-2-enone which was probably why it was not possible to obtain an




1,20 3H' d' (J = 68Hz) CHrCH" ,
CH2
1,72 3H' t· (J = 18Hz) cnJd-Ph, , ,
1,75 - 1,92 1H; c.rn.
2,03 - 2,18 1H; c.rn. (J = 4,4 Hz)
2,34 - 2,54 1H; c.rn.
2,56 - 2,80 2H; c.rn.






C-1 202,9 C-8 15,6
C-2 155,9 C-9 131,3
C-3 141,8 C-10/14 127,5
C-4 32,2 C-11/13 128,7





Melting point: 150 - 151 0 C
IR v(CDBr3) em-
1(0,1 mm cell; FTIR; solvent subtracted)




a 2,58 1H h 0,79
b 1,89 1,92 (concentration dependent)
c 2,04 J 7,44
cl 2,32 k 7,27







C-1 212,2 C-8 14,.5
C-2 53,1 C-9 145,9
C-3 81,5 C-10/14 124,4
C-4 31,4 q-11/13 126,9




Found:' C: 76,5 % H: 8,31%
























Unique intensities with I>3(7(I)
Structure solution
\Veighting scheme











0.77 x 0.27 x 0.28












FRACTIONAL COORDINATES (x 104) AND ISOTROPIC
















































































































































































* ** U = ~ I:.I:. U.. a .a. (a ..a.)
eq 1 J 1J 1 J 1 J

















































































































INTERATOMIC DISTANCES (A) FOR C14H1S02
o 1 -C(1) 1,203(3) 0(2 -C 3)
o 2 - H(18) 0,83(3) C 1 - C 2
C 1 - C 6 1,506 3 C 2 - C 3
C 2 - C 8 1,510 4 C 2 - H 1
C 3 - C 4 1,537 3 C 3 - C 9
C 4 - C 5 1,512 3 C 4 - H 2
C 4 - H 3 0,98(3) C 5 - C 6
C 5 - H 4 0,99(3) C 5 - H 5
C 6 - C 7 1,.514(4) C 6 - H 6
C 7 - H 7 1 02~4j C 7 - H 8
C 7 - H 9 0:97 3 C 8 - H 10j
C 8 - H 11) 1,04 3 C 8 - H 12
C 9 - C 10) 1,370 4 C 9 - C 14
C 10 - C 11 1,386 4 C 10 - H 13
C 11 - C 12 1,344 5 C 11 - H 14
C 12 - C 13 1,369 4 C 13 - H 15
C 13 - C 14 1,369 4 C 13 - H 16

















C 3 -0(2 -H 18)
o 1 -C(l -C 6)
C 1 -Cl2 -C 3\C3-C2-C8
C 3 -C 2 -H 1




C 5 -C 4 -H 2
C 5 -C 4 -H 3
C4-C5-C6
C 6 -C 5 -H 4
C 6 -C 5 -H 5
C1-C6-C5
C5-C6-C7
C 5 -C 6 -H 6
C 6 -C 7 -H 7
H 7 -C 7 -H 8
H 7 -C 7 -H 9




C 10)-C 11 -C 12
C 12 -C 11 - H 14
C 11 -C 12 -H 1·5
C 12 -C 13 -C 14
C 14 -C 13 -H 16
C 9)-C(14)-H( 17)































































Table of Torsional Angles (-) for C14H1s02
ATOM: ATOM
1 2 3 1: Angle 1 2 3 4 Angle
01 Cl C2 C3 121,71(0,24) 02 C3 C9 C10 10,39(0,32)
01 Cl C2 CS -4,77(0,34) 02 C3 C9 C14 -171,46(0,24)
C6 Cl C2 C3 -58,09(0 24) C2 C3 C9 C10 126,80(0,25)
C6 Cl C2 C8 175,43(0,21) C2 C3 C9 C14 -55,05(0,29)
01 Cl C6 C5 -121,78(0,25) C4 C3 C9 C10 -111,83(0,25)
01 Cl C6 C7 4,17(0,33) C4 C3 C9 C14 66,32(0,29l
C2 Cl C6 C5 58,02(0,25) C3 C4 C5 C6 56,17 0,27
C2 Cl C6 C7 -176,03(0,21) C4 C5 C6 Cl -54,67(0,26)
Cl C2 C3 02 -64,88(0,21 ) C4 C5 C6 C7 178,85(0,22J
Cl C2 C3 C4 53,39(0,22) C3 C9 C10 C11 178,07 0,27
Cl C2 C3 C9 174,38(0,17) C14 C9 C10 C11 -0,14(0,45)
C8 C2 C3 02 61 ,69(0,25) C3 C9 C14 C13 -178,58(0,28)
C8 C2 C3 C4 179,96(0,24) C10 C9 C14 C13 -0,33(0,45)
C8 C2 C3 C9 -59,06(0,26) C9 C10 C11 C12 0,53(0,53)
02 C3 C~l C5 59,84(0,25) C10 C11 C12 C13 --{),43(0,56l
C2 C3 C4 C5 -54,95(0,24) C11 C12 C13 C14 -0,04 0,72
C9 C3 C4 C.S -176,96(0,19) C12 C13 C14 C9 0,44(0,53)
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Reaction betwren phenyl vinyl ketone and N=! 1-phenyl-1-ethylidene)-
benzylamine
N-(1-Phenyl-1-€thylidene)benzylamine (5,80 g; 39 mmol) and phenyl vinyl
ketone (5,80 g; 39 n11TIol) in "super-dry" methanol (100 ml) were heated
under reflux for 6 hours and then subjected to the usual hydrolysis and
hydrolytic workup. A portion (2,00 g) of the oil obtained (10,09 g), was
subjected to flash chromatography using ethyl acetate-hexane-dichloro-
methane (15:110:68) on silica gel (NIerck Art.: 9385) taking 30 fractions
(~ 50 ml). The fract ions were combined on the basis of tIc.
Fractions 11 - 13 gave the mono-substituted product:
1,5-diphenylpentan-1,.S-dione (145) (0,44 g; 23 %) although not completely
pure. The renlaining fractions were all intractable mixtures and could not be
separated using silica gel, although on GC-~fS it was clear that the
lTIono-substi tuted prodHCt was present in almost all the fractions. It was
estimated that the Inono-substituted product cOlTIprised 42 % of the crude






m (J = 6,7 Hz)




10R; 2 x Ph-
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Reaction between phenyl vinyl ketone and N--{1-phenyl-2-propylidene)-
propylamine
The crude N-(1-phenyl-2-propylidene)propylamine (8,57 g; 49 mmol),
phenyl vinyl ketone (12,93 g; 98 mmol) and molecular sieves (3A; 50 g) in
"super-dry" Inethanol (117 ml) were heated under reflux for 4 hours. vVater
(10 ml) was added and the mixture heated for a further hour under reflux.
After removal of the solvent on a rotary evaporator, the residue was
extracted with dichloromethane (2 x 100 ml), the extract being subjected to
the usual hydrolytic workup. Removal of the solvent gave a dark brown oil
(6,32 g).
A portion (2,15 g) of this oil was subjected to flash chromatography on a
column of silica gel (Merck Art.: 9385) using hexane-dichloromethane-€thyl
acetate (14:5:1) as eluant and taking 78 fractions (~ 50 ml). The fractions
were evaporated and combined on the basis of tIc. Although many of the
fractions appea.red to be pure on tIc, GC-MS showed them to be made up of
various components.
In fraction 10 - 13, GC-lV1S showed the presence of molecular ions good for
2,5-diphenyl-5-hydroxycyclohexanone (146) and 3,6-diphenylcyclohex-2-
enone (147) (1\1+ 266 and 248 respectively). Fraction 14 gave almost pure
3,6-diphenylcyclohen-2-€none (0,48 g; 12 %) and although not pure enough
for analysis, GC-l\IS showed the molecular ion (1\'1+: 248) good for this
compound. Fractions 33 - 51 proved, however to be 2-benzoyl-l)4-
diphenylbicyclo[2.2.2}octan-5-one (142) (0,23 g; 4 %).
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3,6-Diphenylcyc1ohcx-2-enone (147)
lH nrm b(CDCb) ppm




































and C-14 - C-17:






























143,3 (s); 140,2 (s); 137,9 (s); 133,0 (d); 127,3 (d); 126,9 (d);































Scat tering range/ o
Unique intensities
Unique intensities with 1>3(7(1)
Structure solution
vVeighting scheme











0.61 x 0.27 x 0.19









4,29/( (72(F) + 0,0002]12)
0.054
FRACTIONAL COORDINATES (x 104) AND ISOTROPIC





































































































































































































































H 17 4.s31~39j 3338~2.sj 2535 20 80 2H 18 738G 43 4407 24 2754 20 80 2
H 19 6781 .:L4 6424 23 2837 20 80 2
H 20 -2066i43j 12379 23 3562 21 80 2
H 21 -10G8 42 13798 23 4902 20 80 2
H 22 1132
f
40j 1:3619 24 5720 22 80 2
H 23 4004 44 12369 25 5066 22 80 2
H 24 37.51 42 11153 24 4039 22 80 2
* ** Ueq = S~.E. U.. a . a. (a..a,)
1 J IJ 1 J 1 J


















































































































































































































INTERATOMIC DISTANCES (A) FOR C27H2402
215
o 1 - C 1
C 1 - C 2
C 2 - C 3
C 2 -H 2
C 3 - C 8
C 4 - C 5
C 4 -H 3
C 5 -H 4
C 6 - C 7
C 7 - C 8
C 7 -H 7
C 8 -H 9
C 10 - C 11
C 11 - C 12
C 12 - C 13
C 13 - C 14
C 14 - C 15
C 1.5 - H 14
C 16 - C 21
C 17 - H 15
C 18 - H 16
C 19 - H 17
C 20 - H 18
C 22 - C 23
C 23 - C 24
C 24 - C 25
C 25 - C 26
C 26 - C 27





























0(2 - C 9
1
C 1 - C 6
C 2 -H 1
C 3 -C 4
C 3 - C 10)
C 4 - C 9l
C 5 -C 6
C 5 -H 5
C 6 - C 22)
C 7 - H 6j
C 8 -H 8
C 9 - C 16)
C 10 - C 15
C 11 - H 10
C 12 - H 11
C 13 - H 12
C 14 - H 13
C 16 - C 17
C 17 - C 18
C 18 - C 19
C 19 - C 20
C 20 - C 21
C 21 - H 19
C 22 - C 27
C 23 - H 20
C 24 - H 21
C 25 - H 22






























o 1 -C(l -C 2)
C 2 -C 1 -C 6)
C 1 -C 2 -H 1)
C 1 -C 2 -H 2)
H 1 -C 2 -H 2)
C 2 -C 3 -C 8)
C 2 -C 3 -C 10)
C 8 -C 3 -C 10)
C3-C4-C9
C 3 -C 4 -H 3
C 9 -C 4 -H 3
C 4 -C 5 -H 4
C 4 -C 5 -H 5
H 4 -C 5 -H 5
C 1 -C 6 -C 7)
C 1 -C 6 -C 22)
C 7 -C 6 -C 22)
C 6 -C 7 -H 6
C 6 -C 7 -H 7
H 6 -C 7 -H 7
C 3 -C 8 -H 8
C 3 -C 8 -H 9
H 8 -C 8 -H 9
o 2 -C 9 -C 16)
C 3 -C(10)-C (11 )
C 11 -C 10 -C 1.5
C 10 -C 11 - H 10
C 11 -C 12 -C 1:3
C 13 -C 12 - I-r" 11
C 12 -C 13 - H 12
C 13 -C 14 -C Vj
C 1.5 -C 14 -H 1:3
C 10 -C 15 - H(14
C 9)-C(16)-C(17)
C 17 -C 16 -c12]
C 16 -C 17 - H 15
C 17 -C 18 -C 19
C 19 -C 18 -H 16
C 18 -C 19 - H(17
C 19 -C 20 -Cl21
C 21 -C 20 -H 18)
C 16 -C 21 -H 19)
C 6)-C(22)-C(2:3)
C 2:3 -C 22 -C 27
C 22 -C 23 -H 20
C 23 .,.-C 24 ~C 25
C 25 -C 24 -H 21
C 24 -C .25 -H 22
C 25 -C 26 -C 27
C 27 -C 26 -H(23)

















































0(1 -C l)-C 6
C1-C2-C3
C 3 -C 2 -H 1
C 3 -C 2 -H 2
C2-C3-C4
C4-C3-C8
C 4 -C 3 -C 10)
C4-C4-C5
C5-C4-C2
C 5 -C 4 -H 3
C4-C5-C6
C 6 -C 5 -H 4
C 6 -C 5 -H 5
C1-C6-C5
C5-C6-C7
C 5 -C 6 -C 22)
C6-C7-C8
C 8 -C 7 -H 6
C 8 -C 7 -H 7
C3-C8-C7
C 7 -C 8 -H 8
C 7 -C 8 -H 9
0(2 -C 9)-C 4
C 4 -C 9)-C 16)
C 3 -C 10)-C(15)
C 10 -C 11 -C 12
C 12 -C 11 -H 10
C 11 -C 12 - H 11
C 12 -C 13 -C 14
C 14 -C 13 -H 12 .
C 13 -C 14 -H 13
C 10 -C 1.5 -C 14
C 14 -C 15 -H 14
C 9)-C(16)-C(21 )
C 16)-C 17 -C 18
C 18 )-C 17 - H 15
C 17 -C 18 -H 16
C 18 -C 19 -C 20
C 20 -C 19 -H 17
C 19 -C 20 -H 18
C 16 -C 21 -H20
C 20 -C 21 -H 19
C 6)-C(22)-C(27)
C 22 -C 23 -C 24
C 24 -C 23 -H 20
C 23 -C 24 -H 21
C 24 -C 2.5 -C 26
C. 26 -C 25 - H 22
C 2.5 -C 26 -H 23
C(22 -C 27 -C 26




















































Table of Torsional Angels (0) for C2702402
ATOM: ATOM:
1 2 3 1 ANGLE 1 2 3 4 ANGLE
01 Cl C2 C3 176,40(0,22) C22 C6 C7 C8 -175,19(0,21)
C6 Cl C2 C:3 -3,07(0,28) Cl C6 C22 C23 122,44(0,24)
01 Cl C6 C5 -124,88(0,26) Cl C6 C22 C27 -57,76(0,30)
01 Cl C6 C7 121,98(0,25) C5 C6 C22 C23 -116,49(0,27)
01 Cl C6 C22 -2,71(0,33) C5 C6 C22 C27 63,31(0,29)
C2 Cl C6 C·5 56,64(0,26) C7 C6 C22 C23 4,13(0,34)
C2 Cl C6 C7 -56,49(0,25) C7 C6 C22 C27 -176,07(0,23)
C2 Cl C6 C22 178,82(0,19) C6 C7 C8 C3 -8,18(0,29)
Cl C2 C:3 C4 -55,26(0,25) 02 C9 C16 C17 -174,85(0,25)
Cl C2 C3 CS 57,97(0,26) 02 C9 C16 C21 5,34fO,37j
Cl C2 C3 C10 -178,49(0,19) C4 C9 C16 C17 6,15 0,41
C2 C3 C4 C5 59,39(0,24) C4 C9 C16 C21 -173,66~0,25j
C2 C3 C4- C9 --62,49~ 0,24j C3 C10 C11- C12 -176,00 0,25
C8 C3 C~l C.5 -54,15 0,23 C15 C10 C11 C12 -{),09(0,40)
C8 C3 C4 C9 -176,03fO,18j C3 C10 C15 C14 176,00(0,25)
C10 C3 C4 Cl" -175,97 0,19 C11 C10 C15 C14 0,13(0,40).J
C10 C3 C4 C9 62,15(0,22) C10 C11 C12 C13 -{),04(0,42)
C2 C3 CS C7 -51,75(0,27) C11 C12 C13 C14 0,13(0,48)
C4 C3 CS C7 63,27(0,24) C12 C13 C14 C15 --o,09~0,45j
CI0 C3 CS C7 -175,85~0,21j C13 C14 C15 C10 -{),04 0,44
C2 C3 C10 C11 -156,22 0,23 C9 C16 C17 C1S -179,67(0,26)
C2 C3 C10 C1.5 28,07f0,32j C21 C16 C17 C18 0,14(0,40)
C4 C3 CI0 Cl 1 81,89 0,26 C9 C16 C21 C20 179,06(0,29)
C4 C3 CI0 Cl.5 -93,82~0,27j C17 C16 C21 C20 -0,76(0,43)
CS C3 CIO Cl1 -36,05 0,32 C16 C17 C18 C19 1,01(0,42)
C8 C3 CI0 CL.5 148,24(0,23) C17 C18 C19 C20 -1,52(0,44)
C3 C4 C5 C6 -5,84(0,28) C18 C19 C20 C21 0,89~0,50j
C9 C4 C.5 C6 117,25(0,24) C19 C20 C21 C16 0,25 0,52
C3 C4 C9 02 81,79(0,28) C6 C22 C23 C24 -179,10(0,23)
C3 C4 C9 C16 -99,21 fO,27j C27 C22 C23 C24 1,09(0,38)
C5 C4 C9 02 -40,09 0,32 C6 C22 C27 C26 179,04(0,25)
C5 C4 C9 C16 138,90(0,24) C23 C22 C27 C26 -1,14(0,39)
C4 C5 C6 Cl -50,66(0,28) C22 C23 C24 C25 0,4.5(0,41)
C4 C.5 C6 C7 60,69(0,28) C23 C24 C2.5 C26 -1,96(0,44)
C4 C5 CC> C22 -173,80(0,19) C24 C25 C26 C27 1,91(0,47)
Cl C6 C7 CS 62,04(0,24 ) C25 C26 C27 C22 -{),35(0,45)
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CO C-analysis of 6-nlethy1-2-[(ll1eLhoxycarbony1)cthy1) cyclohexanone
used a.s starting Inateria1 for the preparation of the bCllzylanline































eGC-analYsis of hvdro1vscd bcnzvhunillc ilninc of
G-n1cthyl-"2-[(111ethoxycarbony1)Clhy1] cyclohexanonc
without any at telnpted reaction having been carried out.
~-=-===o:;;==::..:;: -- --- -----
t
../
CGC-an<1lysl~ or the atten1pted rearrangc1l1cllt of lllc
bcnzy1all1ine ill1ine of 6-nlethy1-2-r(n1etlloxycarh 111yJ )cLhy1]-
cyclollexanollC' in 111ethano1 (4 h.) alter 1Jydro1y~is.
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eGC-analysis of the attenlpted reaction between methyl acrylate
and the benzylanline irnine of 6_methyl'-2-[(nlethoxycarbonyl)ethyl1-
cyclohexanone showing the cis- and trans-2,6-isomers, other














Total ion c!tromatogr;l,nl (1nd GC-~rS Inass spectrunl [or
l.oj-diphcny1-1 ,oS-pCll tancliol1c (l15)
10 :::53.00
Average of 14.181 to 15.951 Mln. froM OATA:4:25.D
fr.11-13
M/- abund. M/Z abund. M/:I _
51.00 ...,c 78.00 7 115.00'-W
52.00
,.., 79.00 1 120.00L..
53.00 1 89.013 1 121.00
55.00 6 91.00 :3 129.00
63.00 1 103.00 1 130.00
65.00 :2 105.00 100 131.00
74.00 106.00 8 132.00
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Total ion cluomatogralll for 3,6-{liphen'ylcyclohex-2~nonc (117).
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Summary: 5econdar~ ;r.~ines, ier~ved from imines af unsymmetrical a-subs;i;~ted <etones, react
~i=h 6~~c~rophiZic al~enes ~~ :he more substituted ?osition to give a,a-i~s~bsti;uted ~etones
Spectroscopic studies1,z of imine-enamine tautomerism have shown that, unless the
secondary enamine is stabilised by further conjugation with an unsaturated systeml'3'~,5, the
equilibrium is usually almost completely in favour of the imine form. With a few exceptions,
such as the t-butylamine imine of cyclohexanone (0=CH 4.6),6 signals due to the enamine
tautomer canno~ be observed in the IH n.m.r. spectra of imines. Nevertheless imine-enamine
tautomerism has been clearly demonstrated in reactions which involve the enamine form reacting
with a va,iety of electrophilic reagents at the a-position to the original carbonyl function
(C-~ ot the enamine)Z,7,a,3,lo and, despite their thermodynamic instability, methods have been
developed for the isolation of secondary enamines 11 •
The object ot the present study was to investigate the regioselectivity of the reaction
between electrophilic alkenes and imines of unsymmetrical ketones. The underlying hypothesis
was that the imine ot 2-methylcyclonexanone 2 would be in equilibrium mainly with the more
substituted secondary enamine 1 rather than the less substituted double bond isomer 3. The
reason for this is that enamine 1 is stabilised over enamine J by the hyperconjugative
interaction ot the ~ethyl group without incurring the allylic destabilization :i.e. A(l,;)
strain::' normally associated with a tertiary enamine,13'1~.since a bulky ~-alkyl substituent
or ring residue in the latter has been replaced by a hydrogen atom (in 1 and 3). Furthermore
since tilere is no A(1,3) strain presenc in the imine (5) .produced by alkylation of enamine 1,
and minimal A(1,3) strain in the transition state leading to it, we predicted that ~lkylation


















Reagents: (i) CH 2 =CH-Z (-H+);
disubstituted cyclohexanone 7 15 '16. We now report that these predictions have been fully
verified.
The reaction of methyl acrylate with imines of 2-methylcyclohexanone, under various
conditions, is summarised in the Table. Under all conditions the 2,2-disubstituted ketone 4
(Z = C02~e) was the main product. The benzylamine and cyclohexylamine imines gave comparable
yields of 2,2-disubstituted product, but the amount of 2,6-disubstitution appeared to be
greater for the latter (Table 1; Nos. 2 and 5). The aniline imine gave very little product
(Table 1; ~o. 6), presumably due to stabilisation of the imine tautomer and/or low reactivity
of the enamlne tautomer. The benzylamine imine has therefore been used in our preliminary
investigations into the optimisation of the experimental conditions. Best yields have so far
been obtained in methanol as solvent using a large excess of alkylating agent (Table 1; ~o. ~)
for reasons which have not yet been ascertained. The use of aprotic solvents 0: low
dielectric constant (benzene, toluene) gave very low yields even on prolonged reaction (\os.
7 and 8). However these yields were significantly imoroved by the use of a solvent of hi~h
dielectric constant (acetonitrile; No. 9) or by the addition of weakly acid (~o. la) or base




. 1 aReaction of imines of 2-methylcyclohexanone wlth methyl acry ate






Benzylamine MeOH 4 13 2
2 Benzylamine 2 MeOH 4 46 4
3 Benzylamine 2 MeOH 24
d 45 3
4 Benzylamine 5 MeOH 4 64 4
5 Cyclohexylamine 2 MeOH 4 42 9
6 Anilinee 2 HeOH 4 3 Trace
7 Benzylamine 2 Benzene 68 3 0
8 Benzylamine 2 Toluene 68 33 0
9 Benzylamine 2 CH3CN 95 50 2
~
10 Benzylamine 2 Benzene 68 Me2~H, HC1·' 32 0
11 Benzylamine 2 Benzene 68 Et 3~': 32 0
12 Benzylamine 2 Benzene 24 4-DAP~- ,g 40
13 Benzylamine 2 Benzene 24 4-DAPf';-: 49
~ ~
14 Benzylamine 2 HeOH 4 4-DAP~ ,:1 59 5
a At boiling point of dry solvent unless stated otherwise.
b Analysed by GLC.
e Mixture of stereoisomers. d At temperature. e Mostly unreactedroom
2-methylcyclohexanone recovered. f One equivalent. 9 4-Dimethylaminopyridine.
h 0.1 Equivalents.
In preliminary investigations into the reaction of N-(2-methylcyclohexylidene)
benzylamine (2, R = PhCH2) with acrylonitrile and phenyl vinyl sulphone in methanol, the
specttoscopic evidence again shows quite definitely that reaction has occurred at the more
substituted position to give the 2,2-disubstituted ketone 4 (2 = CN or S02Ph, respectively) on
hydrolysis. The reaction of methyl acrylate with N-(2-butylidene)benzylamine, in methanol,
gave methyl 4-methyl-S-oxohexanoate (8) on hydrolysis, and indicates that this methodology can
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Enamine chemistry. Part 33. 1 Alkylation of cyclohexanone imines with
electrophilic alkenes
Peter W. Hickmott* and Bruce Rae
Department of Chemistry and Applied Chemistry, University of Natal, King George V Avenue, Durban 4001,
Republic of South Africa
Daniel H. Pienaar
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Received 8 February 1988
The alkylation of cyclohexanone imines with electrophilic alk.3nes in methanol or acetonitrile has been
investigated. The course of this reaction is surprisjngly sensitive to both steric effects and the relative
reactivity of the electrophilic alkene. The more reactive (i.e. methyl acrylate, phenyl vinyl sulphone) react
twice with benzylamine or cyclohexylamineimines of cyc!ohexanone to give the 2,2-disubstituted
cyclohexanones on hydrolysis. Under identical conditions, the less reactive acrylonitrile results only in mono-
alkylation; 2,2- and 2,6-dialkylation does occur to a small extent on changing to the less sterically impeded
propylamine imine. The propylamine imine of 2-(2-cyanoeth)'I)cyclohexanone can also be further alkylated by
methyl acrylate to' give 2-(2-cyanoethyl)-2-(2-methoxycarbonylethyl)cyclohexanone on hydrolysis. In the case
of acrylamide, only mono-alkylation occurs, followed by cyclization to 2-oxo- D4a(8a)-octahydroquinoline.
Die alkilering van sikloheksanoonimiene met elektrofiliese alkene in metanol of asetonitriel is ondersoek. Die
reaksieroete is verbasend gevoelig teenoor steriese eftekte sowel as die relatiewe reaktiwiteit van die
elektrofiliese alkeen. Die meer reaktiewe (d.w.s. metielakrilaat, fenielvinielsulfoon) reageer twee keer met
bensielamien- of sikloheksielamienimiene van sikloheksanoon, om die 2,2-digesubstitueerde sikloheksanone
na hidrolise te lewer. Onder identiese omstandighede, vind slegs monoalkilering by die minder reaktiewe
akrilonitriel plaas; 2,2- en 2,6-dialkilering kom tot 'n mindere mate voor na oorskakeling na die minder steries-
verhinderde propielamienimien. Die propielamienimien van 2-(2-sianoetiel)sikloheksanoon kan ook verder
met metielakrilaat gealkileer word, om die 2-(2-sianoetiel)-2-(2-metoksiekarbonieletiel)sikloheksanoon na
hidrolise te verskaf. In die geval van akrielamied vind slegs monoalkilering plaas, gevolg deur siklisering na
2-okso- 6. 4a(8al-oktahidrokinolien.
* To whom correspondence should be addressed.
Both we:! and Pfau et' al. 3 have recently shown that
alkylation of imines of 2-methylcyclohexanone with
electrophilic alkenes occurs at the more substituted
position. C(2). of the derived secondary enamine tauto-
mer (Scheme 1). This reaction therefore provides a mild
and highly regioselective route to 2.2-disubstituted cy-
clohexanones. complementary to the 2.6-disubstituted
cyclohexanones obtained by alkylation of the correspon-
ding tertiary enamine of 2-methylcyclohexanone.~
Scheme 1
However, after reporting these observations.. we
became aware of conflicting reports in the patent
Iiterature.s claiming that alkylation of the cyclohexyl-
amine imine of cyclohexanone with neat acrylonitrile
gave 2.6-bis(2-cyanoethyl)cyclohexanone (1) on hydro-
lysis. Since this clearly conflicts with our own observa-
tions, we have investigated the reaction of unsubstituted
cyclohexanone imines with various electrophilic alkenes.
We find that the course of the imine-alkylation reaction
is surprisingly sensitive to both steric effects and to the
relative reactivity of the electrophilic alkene. Repetition
of the reaction between N-cyclohexylidenecyclohexyl-
amine (2; R 7 C6H 11 ) with neat acrylonitrile at 100°C.
confirmed the accuracy of the patent report: 2.6-bis(2-
cyanoethyl)cyclohexanone was obtained. identical with
authentic material obtained by alkylation of I-N-pyrro-
lidinylcyclohexene according to the method of Stork et
af. 6 In particular, the 13C n.m.r. spectrum clearly
showed the C('2) and C(6) signals as a doublet (8c '+8.5).
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on hvdrolysis. Presumably. changing to the p,opylamine
imin~ reduces the steric interactions with the ap-
proaching electrophile sufficiently to allow some bon-









The onlv other compound isolated from this reaction
was N-(2-cvanoethvl)cyclohexylamine. We then carried
out the r~action ~nder our preferred conditions2 in
boilinQ: methanol. usin~ the benzylamine imine of cyclo-
hexan~ne (2: R = PhCH2). This resulted only in the
isolation of the mono-alkylated cyclohexanone (3) after
hvdrolvsis. aQ:ain shown to be identical with authentic
2~(:~-c;anoethyl)cyclohexanone6and again showing the
C(2) signal as a doublet (8c 48.2). This product was
converted into the propylamine imine (4) by the
standard azeotropic procedure,8 and subjected to
further treatment with acrylonitrile in boiling methanol.
This resulted in the formation of a mixture consisting of
mainly unchanged 2-(2-cyanoethyl)cyclohexanone
together with roughly equal amounts of 2.6-bis(2-cyano-
ethyl)cyclohexanone and a compound identified by the
analytical and spectral data as the expected 2.2-bis(2-
• 13
cyanoethyl)cyclohexanone (5). The C n.m.r. spectrum
c1earlv showed the C(2) signal as a singlet (8c 49,8).
Th~ explanation which we offer for these results is
summarized in. Scheme 2. Initial rea~tion at C(2) of the
secondary enamine tautomer (10) occurs in each case to
give the mono-alkylated imine (11) in equilibrium with
the secondary enamine tautomer (12). Now however,
further reaction at C(2) is impeded by the I}-cyanoethyl
substituent. which can plausibly be expected to exert a
greater steric impediment to reaction than. the methyl
group in the corresponding reaction of 2-methylcyclo-
hexanone imines. 2 Under more forcing conditions
(neat acrylonitrile at 1O~130°C),5 reaction therefore
occurs at the less sterically hindered 6-position to give 1
We next turned our attention to the reaction of the
benzvlamine imine of cyclohexanone with methyl
acrvl~te, in boilinQ: methanol. Surprisingly. now only the
') l~disubstituted -cvclohexanone (6) was obtained. in
;~~sonable yield. The yield was increased (25% - 77%)
by carrying the reaction out in acetonitrile containing
4-dimethylaminopyriaine as a base catalyst for the
imine-enamine interconversion. The structure of the
2.2-product followed from the analytical and spectral
data. In particular. the proton n.m.r. spectrum showed
the presence of two methoxyl carbonyl groups (8 H 3.52)
and the 13C n. m.r. spectrum clearly showed the C(2) sig-
nal as a singlet (8c 49,4). Furthermore. the l3C n.m.r.
spectrum was quite different from that of authentic 2.6-
bis (2-methoxycarbonylethyl )cyclohexanone.
The reason for this marked change in the ease and
regioselectivity of the reaction is attributed to the
greater electrophilicity of methyl acrylate relative to
acrvlonitrile. This follows from the fact that reaction
with a nucleophile (Nu) produces an anionic centre (Nu-
CH 2 CH-Z) adjacent to the electron withdrawing group
(Z). and the .anion stabilizing power of such groups has
been shown to decrease in the order: S02 > C02R >
CN > CO H2 . 7 This greater reactivity means in turn
that the transition state for the alkylation will be more
reactant-like in nature or, in other words. that the
bonding interaction will begin at greater interatomic
distances and the influence of steric effects will be
decreased. Thus, despite the greater steric impediment
of a I}-methoxycarbonylethyl group relative to a methyl
group, further reaction at C(2) occurs.
This explanation has been confirmed in three ways.
First, the anion stabilizing sequence proposed by
Pearson 7 suggests that vinyl sui phones should be even
more reactive than vinyl esters and should also therefore
give the 2.2-dialkylated cyclohexanone. This has been
confirmed by reaction of the cyclohexylamine imine of
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cyclohexanone with phenyl vinyl sulphone, in methanol.
The only product obtained, in good yield, was the 2,2-
disubstituted cyclohexanone (7). The structure is
confirmed by the analytical data, and the l3C n.m.r.
spectrum, which clearly shows the C(2) signal as a
singlet at 049'-+. Secondly, we have subjected the pro-
pylamine imine (4) of 2-(2-cyanoethyl)cyclohexanone to
further treatment with methyl acrylate. If methyl acry-
late is reacting more easily than acrylonitrile because of
the aforementioned steric and reactivity effects, then
methyl acrylate should react with 4. This has been
confirmed. Reaction of 4 with methyl acrylate in boiling
methanol gave the 2.2-disubstituted cyclohexanone (8)
in reasonable yield (43%). Again, the structure assign-
ment is unequivocal. The proton n.m.r. spectrum shows
the presence of the methoxycarbonyl group and the l3C
n.m.r. spectrum clearly shows the C(2) signal as a singlet
(049.9).
Finally, acrylamide could be expected to react only
once because of its even lower reactivitv. This too has
been confirmed. In this case, howe~er, the initial
alkylation product was not isolated owing to its
cyclization to the 2-oxo-octahydroquinoline (9). The i.r.
spectrum showed the presence of an amide carbonyl
group (vea 1670 cm-I), NH absorptions in the 3100-
3200 cm -I region, and the absence of the cvclo-
hexanone carbonyl absorption at 1710 cm-I. That the
6 -la(lSa)_isomer had been produced followed from the
proton n. m. r. spectrum. which showed no olefinic
signals, and the DC n.m.r. spectrum which showed both
olefinic signals as singlets (0109.3 and 128,2).
Experimental ,
1H N. m. r. spectra were obtained in deuteriochloroform
on Varian T-60 or CFT-20 spectrometers, operating at
60 MHz and SO MHz respectively. -l3C N.m.r. spectra
were obtained on a Varian FTSOA spectrometer from
CDCl) solutions. I.r. spectra were recorded with
Perkin-Elmer SP-1000 or Pye-Unicam SP3-200
spectrometers and calibrated against the 1601 cm-I
peak of polystyrene film. using liquid films on KBr discs.
Mass spectra were determined with a Varian MAT-212
spectrometer at 70 eV. Microanalvses were carried out
by the Chemistry Department ~f the Universitv of
Natal. Pietermaritzburg. Solvents and electrophilic
alkenes were dried and distilled before use. Authentic
samples of 2-(2-cyanoethy-,)cyclohexanone,6 2,6-bis(2-
cyanoethyl)cyclohexanone,)·b and the benzvlamine and
cyclohexylami.ne imines of cyclohexanone8 were pre-
pared by the literature methods, and 2,6-bis (2-methoxv- .
carbonylethyl )cyclohexanone, m.p. 82,5- 83,0°C, w~s
prepared as described for the diethyl ester. 6
N-C.vclohexylidenepropylamine (2; R = C)H7 )
A soluti~n of cyclohexanone (63,33 g; 680 mmol),
propyla~T1lne. (43,94 g; 740, mmol), and toluene-p-
sulphonic aCid (0,25 g) in benzene (100 ml) was heated
under reflux under a Dean and Stark head for 8 h. The
solvent was removed under vacuum and the residual oil
distilled to give N-cyclohexyfidenepropylamine (29.8 g;
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31 %), b.p. 34-36°CI0.17mm Hg; Vmax (film) 1660
cm-I (C=N); OH 0.9 (3H. t, ] 7,2 Hz. CH)). 1.3-1.9
(8H, m, .+ x CH:!), 2.0-2,5 (4H. m. 2 x a-CH:!), and
3,2 (2H, 1, ] 6.9 Hz. CH:!CN); Oc 11.1 (q. CH)), 23,4.
25,2, 26.2,27,0, 27.7. 39.1 (each 1, 6 x CH}), 51,1 (t.
CH}CN), and 170,7 (s. C=N).
N-[2-(2-Cyanoethyl)cyclohexylidene] propylamine (4)
A solution of 2-(2-cyanoethyl)cyclohexanone' (3) (10.0
g; 66 mmol), propylamine (4,31 g; 73 mmol), and
toluene-p-sulphonic acid (0.1 g) in benzene (50 ml) was
heated under reflux under a Dean and Stark head for
8 h. Removal of the solvent under vacuum and distil-
lation of the residue gave N-[2-(2-cyanoethvl)cvclohexvl-
idene] propylamine (4) (l0,3 g; 81%), b.p. I(H-102'OC
/0,07 mm Hg; Vmax (film) 2250 (C=N) and 1663 (C=N)
cm-I; OH 1.0 (3H, t. CH)), 1,3-3,0 (15H, methvlene
envelope), and 3,3 (2H. 1, CH}CN); Oc 11.9 (q, CH)),
15,1 (t, CH2CN), 24,2. 25.2, 27,4, 28.2, 28.5 (each t.
5 x CH}), 34,7JJ,-C-3), 48.5 (d, C-2), 51.7 (t. CH}N).
120,3 (s. C=N), and 171.4 (s, C=N) (Found: N, 9.16%;
M+. 192.1625). Cale. for C1}H:!oN}: N, 9,26%; M.
192,1626).
Alkylation of imines. General method
The electrophilic alkene was added to the imine (in the
molecular proportions indicated below) in drY methanol
or acetonitrile, and the solution was heated u'nder reflux
for the time stated. The mixture was hvdrolvsed bv
addition of water (l0-20 ml) and heated' und;r reflu~
for 1 h. The solvent was then removed in vacuo and the
residue was extracted with ether. The ether layer was
washed with 2M-hydrochloric acid until the washings
were colourless. and then with water until acid-free. and
dried (MgS04 ). Filtration and evaporation of the ether
gave the crude product. which was purified bv vacuum
distillation and / or flash chromatography. In'this way
the following compounds were prepared.
2,2-Bis(2-cyanoethyl)c.vclohexanone (5)
(a) Acrylonitrile (13,6 g; 260 mmol), N-cvclohexvl-
idenebenzylamine (2: R = PhCH}) (8.0 g; '43
mmol), methanol (20 ml), 21 h reflux. Distillation
gave only the mono-alkylation product. 2-(2-cy-
anoethYQcyclohexanone (3) (1,98 g; 31%), b.p.
112-115°C / 0,6 mm Hg, identical with authentic
material obt
6
ained by alkylation of I-pyrrolidinyl-
cyclohexene [vmax (film) 2223 (C=N) and 1711
(C=O); OH 1.4-2.6 (methylene envelope); Oc
14.4 (t, C-2'), 24.4, 25,0, 27,2 (each t, 3 x CH}),
33.-+' (t, C-3), 41.5 (t, C-6), 48,2 (d, C-2), 119,1 (s,
CN). and 210,9 (s, C-l)].
(b) Acrylonitrile (2:76 g; 52 mmol), N-[2-(2-cyano-
ethyl)cyclohexyhdene] propylamine (4) (5,0 g; 26
mmol), methanol (20 ml), 4 h reflux. Flash chro-
matography of the crude product [hexane- dichlo-
romethane-ethyl acetate (50: 50 : 9)] gave un-
changed 2-(2-cyanoethyl )cyclohexanone (1,51 g);
~.6-b!s(2-cy~noethyl)cyclohexanone (0,29 g; 5%),
Identical with authentic material6 prepared by
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alkvlation of 1-N-pyrrolidinylcyclohcxene [vmax
(fil~) 2227 (C=N) and 1708 (C=O) cm-I; OH
1.3-2.6 (methylene envelope): oe 14,2 (s,
C-2'), 24.2 (t. C-4), 24.6 (t, C-1'). 34.2 (t, C-3),
48.5 (d. C-2). 119,0 (s, CN). and 210.8 (s, C-7)
(Found: N. 13.5%; M+, 204.1262. Calc. for
C12H16N20: N, 13.4%; M. 204,1263)], and 2.2-
bis(2-cyanoethyl)cycLohexanone (5) (0,31 g; 6%);
Vmax (film) 2228 (C=N) and 1710 (C=O) cm -1;
OH 1.7-2.4 (methylene envelope): oe 11,4 (t, C-
2'),19.8 (t. C-'+). 26,0 (t, C-5), 29,5 (t. C-l'), 34.5
(t, C-3). 38.-+ (t. C-6), 49,8 (s, C-2), 119.1 (s. CN),
and 211,8 (s. C-1) (Found: N. 13,7%; M+,
204.1250. Calc. for C L:H I6N20: N, 13. 7%; M,
204,1263) .
~ .2- Bis [(2-methox.....carbonyl)ethyl]cycLohexanone (6)
(a) Methyl acrylate (7.38 g; 86 mmol); N-cyclohexyl-
idenebenzylamine (2; R=PhCH2) (8.0 g; 43
mmol). methanol (20 ml), 3 h reflux. Distillation
gave the 2.2-diester (6) (2.86 g: 25%), b.p. 140-
1.+6°C / 0.0'+ mm Hg, which was further purified
by flash chromatography [hexane-dichlorometh-
ane-ethyl acetate (12.5 : 12.5 : 1)] to give 2.2-bis-
[(2-methoxycarboflyl)ethyl]cyclohexanone (6). Vmax
(film) 17.+.+ (C02Me) and 1709 (C=O) cm-I; OH
1,6-2.5 (16H. methylene envelope) and 3,52 (6H,
2 x OCH3): oe 19.9 (t, C-'+). 26.1 (t. C-5), 27.6 (t.
C-1'). 28.6 (t. C-2'), 35.2 (t. C-3), 38,1 (t, C-6),
.+9.4 (s. C-2). 50,7 (g, OCH3), 172.8 (s, C02Me),
and 212.6 (s. C-1) (Found: C. 62.1, H, 8,3%.
Calc. for CI-lH220 S : C. 62,2: H, 8.15%).
(b) Methyl acrylate (30.94 g; 360 mmol). N-cyclohexyl-
idenepropylamine (2: R=C3H7) (10.0 g; 72 mmol),
guinol (0.09 g), '+-dimethylaminopyridine (8.79 g;
0,072 mol), dry acetonitrile (30 ml), 4 h reflux.
Distillation gave the 2,2-diester (6) in considerably
increased yield (15.03 g; 77%).
2.2- Bis[(2-phenylsulphonyl)ethyl]c.vcLohexanone (7)
Phenyl vinyl sulphone (2.20 g; 13 mmol), N-cyclohexyl-
idenecyclohexylamine (2; R=C6 H 11 ) (0.82 g; 4,6 mmol),
methanol (2 ml) . .+ h reflux, hydrolysed and worked-up
as in the General method, except that dichloromethane
(.+ x 25 ml) was used instead of ether. Purification by
flash chromatography [hexane-dichloromethane-ethyl
acetate (2 : 1 : 1)] gave recovered phenyl vinyl sulphone
(0.28 . g) and 2.2-bis[(2-phenylsulphony!)ethyl]cyclo-
hexanone (0.76 g: '+8%); OH 1.2-3.1 (16H. methylene
envelope) and 7,4-7,9 (lOH, 2 x C6 Hs); oe 20,0
(t. C-4), 26.2 (t, C-5), 26,4 (t, C-1'), 35,5 (t. C-3). 38,3
(t. C-6). 49.4 (s. C-2), 50.6 (t. C-2'), 127.6d, 129.ld.
133.6d, 138.4s. (Ph), and 212,1 (s. C-1) (Found: C,
60.5; H, 6.0; S, 15.0%; M +, 434.1230. Calc. for
C22H2nOSS2: C. 60.8: H, 6,0; S. 14,8%; M, 434,1222).
2-(2-Cyanoethyl)-2-(2' -methoxycarbonylethyl)cycLo-
hexanone (8)
Methyl acrylate (4.44 g; 52 mmol), N-[2-(2-cyanoethyl)-
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cyclohexylidene] propylamine (4} (4.96 g; 26 mmol),
methanol (20 ml); 4 h reflux. Flash chromatography of a
portion of the crude product gave unchanged 2-(2-
cyanoethyl )cyclohexanone and 2-(2-cyanoethyl)-2-(2'-
methoxycarbonylethy!)c.vclohexanone ('+3%), b.p. 146
°c /O.lmm Hg; Vmax (film) 2230 (C=N), 17.+4
(C02Me), and 1710 (C=O) cm-I; OH 1,6-2.6 (methy-
lene envelope) and 3.66 (3H, s, OMe); &e 11.6 (t,
C-2'), 20.0 (t, C-4), 26.3 (t. C-5), 27,8 (t. C-l"), 28.8 (t.
C-2"), 29,8 (t, C-1'), 35.0 (t, C-3), 38,'+ (t. C-6), '+9.9 (s,
C-2), 51.3 (g, OCH3), 119.-+ (s, CN), 172.8 (s. C02Me),
and 212.6 (s, C-1) (Found: C. 65.65: H. 8.3: N. 6.1%:
At+, 237.1370). Calc. for C 13H I<}N0 3 : C. 65.8: H. 8,0;
N. 5.9%; M, 237,1365).
2-0xo- /:::. -la(8a)-octahydroquinoline (9)
Acrylamide (42.1 g; 590 mmol), N-cyclohexylidene-
propylamine (2; R=C3H 7) (13.77 g; 99 mol). methanol
(50 ml), 4 h reflux. Flash chromatography [hexane-
dichloromethane-ethyl acetate (8 : 4 : 5)] gave 2-oxo-
/:::. -la(8al-octahydroguinoline (2.68 g; 18%), m.p. 138.5-
140.0°C . (hexane-dichloromethane); Vma :< (Nujol)
3210, 3180, 3100 (NH). and 1670 (CONH l cm-I: 8H
(250 MHz) 1.56-1,74 (4H. m, 2 x CH2), 1.95-2.12
(4H. m, 2 x CH2), 2.18 (2H. t. J 10.5 Hz. CH2). 2.-+7
(2H. t. J 8.0 Hz, CH2). and 8.-+7 (1H. s. NH): &c 22.1,
22.6. 25.7, 26,0 (each -+ x ~H2)' 27,7 (t. C-.+). 30.6 (t.
C-3), 109,3 (s, C-4a). 128.2 (s. C-8a), and 171.6 (s. C-2)
(Found: C, 71.2; H. 8.8: N, 9,2%: M +. 151.0998.
Calc. for C9 H 13NO: C. 71'-+: H. 8.6: N. 9.25%: M.
151,0997) .
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One-step synthesis of the bicyclo [2.2.2] -
octane ring system from acyclic precursors.
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benzylamine. Crystal structure.
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Reaction of the benzylamine imine of butanone with phenyl
vinyl ketone gives 2-benzoyl-4-methyl-1-phenylbicyclo[2.2.2]-
octan-S-one in a new one-step synthesis of a bicyclic ring
system from acyclic precursors, in which four carbon-carbon
bonds are formed sequentially.
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Table 1 Fractional coordinates (X 104 ) for
structure (8) (Isomer I)
unique measured reflections corrected for Lorentz and polari-
zation effects but not for absorption, 1394 with I > 3 (J (l)
were used in the structure solution (direct methods) and
refmement which converged at R and Rw values 0,071 and
0,058 respectively. Atomic coordinates are given in Table 1














In an extension of our work on the regioselective alkylation
of imines of cyclicl - 3 and acyclic4 ketones, we now report
our preliminary investigations into the unusual course of the
reaction with phenyl vinyl ketone (PVK). Reaction of the
benzylamine imine (1) of butanone with one equivalent of
PVK in boiling dry methanol (4 h reflux) followed by hydro-
lytic work-up, failed to give any of the expected mono- or di-
alkylation products (2) - (4) or the plausible cyclization
products (S) - (7). The 80 MHz 1H n.m.r.· spectrum of the
product showed the presence of two benzene rings, the
absence of the CH3CO group, and a methyl singlet at 8 1,1.
Reaksie van die bensielamienimien van butanoon met feniel-
vinielketoon lewer 2-benso'iel-4-metiel-1-fenielbisiklo[2.2.2]-
oktan-5-oon in 'n nuwe eenstap-sintese van 'n bisikliese ring-
sisteem van asikliese voorgangers, waarin vier koolstof-






These observations indicated that only two equivalents of
PVK had, in some way, reacted three times with the buta-
none imine, once at C(l) and twice at C(3). Consideration of
the probable sequence of events (Scheme 1) led us to
propose the bicyclo[2.2.2]octanone structure (8) as the
product of this reaction on mechanistic grounds. This has
now been confirmed by 500 MHz n.m.r. and a single crystal
X-ray structure determination. Flash chromatography (ethyl
acetate-hexane-chloroform; 1: 12: 7) separated the product
into two isomeric fonns of (8), isomer I (1,3% yield;
m.p. 170-170,5°C) and isomer II (5,6% yield; m.p. 161-
163°C). Isomer I (CU H220 2 ) crystallized from ethyl acetate
in the space grou.p 12/a, a = 22,922(3), l; = 6,408(1), c =
23,381 tJ) A, fJ = 92,37 (It, U = 3431,3 A3, z = 8, Dc =
1,239 g cm-3, A= 1,5418 A, F(OOO) = 1360, and J.L (Cu-Ka)
= 5,7 cm-I. Data were collected from a crystal of dimensions
0,05 x 0,13 x 0,25 mm on a Nicolet R3 m/v diffrac to-


































































































Figure 1 Crystal structure of 8 (isomer n.
Four different carbon-carbon bonds are fonned sequen-
tially in this reaction (Scheme 1) which, as far as we are
aware, constitutes 'ule first one-step synthesis of a bridged
bicyclic system from acyclic precursors. Repe3ting the
reaction with two equivalents of PVK increased the yield of
isomer II 6 from 5,6 to 35%, none of isomer I being isolated
under these conditions. Since the water eliminated in the first
cyclization step (Scheme 1) could result in partial hydrolysis
of imine-enamine mixture, the reaction was repeated in the
presence of a molecular sieve. This resulted in a further
increase in yield to 50%.7 The 500 MHz proton and l3C
n.m.r. assignments are summ:ui.zed in Table 2.
Table 2 Chemical shift assignments for structure (8)a
Proton Carbon
H Isomer I Isomer II C Isomer I Isomer IT
a 4,06 4,27 , 1b 43,8 43,4
b 2,08 2,10 2 48,5 47,3
c 1,95 1,96 3 35,7 36,9
d 2,93 3,67 4 b 43,2 42,9
e 2,42 2,51 5 215,6 214,5
f 3,04 2,42 6 51,3 43,7
g 1,80 1,75 7 25,1 34,8
h 2,11 1,81 8 30,8 31,1
1,78 2,01 PhCO 202,7 202,7
Me 1.09 1,10 Me 19,5 19,6
• Based on 20 COSY, NOESY, and HETCOR plots, and the obseIVed
splitting and coupling constants.
b Interchangeable.
As can be seen, the only significant differences in chem-
ical shifts between the two isomers occur at positions '6 and
7. In isomer I, C(7) experiences a steric compression shift8 to
high field relative to C(7) in II (825,1 and 34,8, respect-
ively), whereas the attached proton f is deshielded by the
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close proximity of the benzoyl carbonyl group and appears at
lower field relative to proton f in II (83,04 and 2,42, respect-
ively). Conversely, C(6) is shielded in isomer II relative to I
(843,7 and 51,3, respectively), whereas the atL1ched proton
d is deshielded in II relative to I (83,67 and 2,93, respect-
ively). Furthennore, a strong n.G.e. was observed between
protons a and d in I, which was absent in II and thus con-
fInns the orientation of the benzoyl group as being exo to the
cyclohexanone ring in I and endo in n. There was also strong
W coupling between protons a and e in II, whereas in I the
W coupling occurred between a and g, thus confirming the
stereochemical assignments.
The re3ction followed a different course when applied to
the benzylamine imine of pentan-3-one. In this case, only
one equivalent of PVK re3cted with one equivalent of the
imine, but this was followed by cyclization onto C(2) to
produce 3-hydroxy-2,6-dimethyl-3-phenylcyclohexanone (9)
(m.p. 150-151 QC; 11 %) and 2,6-dimethyl-3-phenylcyclo-
hex-2-enone (10; 45%), on hydrolysis.
It therefore appears that the bicyclo[2.2.2]octanone syn-
thesis may be restricted to methyl ketones unless a means
can be found to inhibit the final cyclization step until a,a-
dialkylation has taken place. With this end in view, further
investigations into the effect of substituents and experimental
conditions on the yield and course of the reaction have been
initiated.
We thank the Foundation for Research Development for
fmancial support.
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